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PREFACE 

This number, which concludes Volume 48 of the Quarterly I'kansar'IIONS 
of the American Institute of Electrical Engineers, contains the papers and com¬ 
mittee reports presented at the 1929 Summer Convention held at Swampscott, 
Massachusetts, June 24-28, and The Engineer, Practical Idealist, the address 
delivered by President Sehuehardt at that convention. 

Excitation of Current Transformers under Transient Comlitions, by D. E. 
Marshall and P. O. Langguth, a paper riead at the Cincinnati Regional Meeting 
but received too late to appear in the July Quarterly, is published here. 

An index of authors and a subject index to Volume 48 are included in this 
issue. 




















“Synchronized at the Load” 

A Symposium on New York City 60-GycIe Power System 

Connections 


I* -A. Fimdamentsl Plan of Power Supply 

By A. H. KEHOE 

II. Calculations of Systems Performance 

By S. B. GRISCOM 


III. System Tests and Operating Connections 
By H. R. SEARING AND G. R. MILNE 


Review of the Subject 

Under our modem conditions it has become a common 
experience to have certain improvements adopted as 
necessities, although at some earlier time they would 
have been classed as extreme luxuries. Electrical 
service rendered by metropolitan public utility com¬ 
panies in recent years has evolved into one of these 
necessities due to the change in customs and in living 
conditions of the American people. In the initial stages 
of development, while the central station industry was 
taking the preliminary steps to establish itself in the 
commercial field, its product being expensive was 
purchased only where it could be indulged in as a 
luxury. During this period, methods of utilization of 
electrical service were very limited, being confined 
almost entirely to illumination. Such electric systems 
as epsted were small, and the problem of their con¬ 
tinuity was not of major importance. Disturbance and 
even interruption to customers’ supply was a regrettable 
but not a vital incident. Cost of energy was the princi¬ 
pal consideration rather than the reliability of supply, 
particularly where strong competition with other 
established forms of service was to be expected. As 
the art developed, many efforts were made to improve 
the quality of service in order to make a more salable 
product; nevertheless some interruptions were still 
experienced ^d were usually considered a neces¬ 
sary evil. With a much improved, but less expensive 
product, other competing methods of supply gradually 
became obsolete, leaving the central station alone in its 
field with an obligation to render the best possible 
service. Then interruptions could no longer be con¬ 
sidered minor incidents. 

Service to districts with high load density, such as 
the central portion of cities, very soon felt the effect of 
this requirem^t, and the demand was usually met by 
adopting syst^s of distribution which would give 
reliable service although at increased expense over other 
methods o f supply, which, while much less costly, 

JPreaei^d at the Summer Convention of the A.I.E.B., Swampscott 
Mass., June $4-28,1929, ’ 


could not offer the same degree of reliability. The 
infiuence of quality service had its effect on the require- 
mente of these as well as other districts, and the entire 
elimina.tion of service interruptions has everywhere 
been given the most serious consideration due to the 
dependence of the customer on a reliable service that 
will not cause interruptions resulting in serious in¬ 
convenience, economic loss, or possible hazard to life. 
Also there are^ many new t 3 ipes of utilization that are 
constantly being adopted as higher reliability with 
lower costs makes these available to all. With further 
reduction in costs, many other new applications are 
certain to arise. Thus, it follows that low-cost reliable 
service produces greater utilization which, in turn, 
makes it imperative to render still better service! 
This characteristic development is a feature of American 
life, and its counterpart in some form of material 
progress will be found to be the basis for most of the 
changes which have taken place in our modem customs. 
In the case of metropolitan central station companies, 
the huge concentrations of power required to provide 
the services which are a necessity for the normal life 
and business of the community, make the problem of 
reliability of supply at low system costs of vital im¬ 
portance to all. 

The papers comprising this symposium present a new 
principle of decentralization of power sources and cover 
the investigation of a new plan of design and operation 
of a metropolitan power system. This arrangement is 
expected to provide the solution to the problem of 
reliabfiity of supply and low system costs. The under- 
Ijdng ideas have been verified not only by experiments 
on one system but also by an extensive engineering 
analysis. Close agreement was observed between 
calculated and test results, and this should justify the 
use of the analytical methods outlined in applying the 
principles involved to the design of other power systems. 
The fundamental plan is described and the methods and 
results of calculations made are given. The symposium 
concludes with system tests and operating experience 
with the new arrangement of connections. 


1079 



“Synchronized at the Load” I 

A Fundamental Plan of Power Supply 

BY A. H. KEHOE- 

Fellow, A. I. K. 15. 


Synopsis— The New York 60-cycle system is operating mih 
connections giving parallel paths between generating units only at 
the load. High values of reactance result for synchronizing circuits 
between the several generating units, but the usual values are present 
in the main energy channels between generators and load. Con¬ 
nections are contrasted with two common types of metropolitan power 
systems; i.e., the ‘'close linked” and “loose linked” systems, and 
are shown suppUmentdl to multiple-feed network distribution, as the 
principle of using separate multiple feeds from independerU genera¬ 
tors connected in parallel only at the load extends the network 


distribution system to the generating stations. In roinpletely 
networked distribution, the 1.20/30S-volt mains acting ns a shorl- 
circuit-proof bus, supply the only synchronizing paths ln tuu.cn 
generators. Substation busses serving radial load arc .snhstitHled 
xohere complete networks do not exist, dalculatiom, tests, and 
operating experience indicate synchronizing power sullincnf to give 
stability to all elements of the system not directly affected by a fault. 
Some advantages derived arc: Increased reliahility of gem-rating 
sources, lower interrupting duties on circuit breakers, and ri'dnetion 
in service voltage disturbance. 


Connections for Improved System Behavior 

T he New York City 60-cycle power system is now 
operating with an arrangement of connection 
which gives paralleling paths between generating 
units only at the load. Each generator while in service 
on this system is described as being “synchronized at 
the load.” This term refers to the conditions under 
which each unit is maintained in synchronism, but it 
does not refer necessarily to the initial synchronizing 



Fia. 1—Schematic Connections fob System Synohbonizbd 

AT THE Load 

of one generator with the rest of the system. Fig. 1 
shows a simplified diagram of the arrangement. Such 
a scheme of connections gives high reactance values for 
the synchronizing power circuits between the several 
generating units in comparison to the values which are 
in general use with generators also synchronized at the 
station bus. Nevertheless, the main energy channels 
between generators and the load have reactances, in 
respect to normal capacity, of the same order as those 
usually experienced with metropolitan underground 
cable systems. Thus, while this arrangement does not 

1 . Eleetrioal Ei^ineer, The United Eleotrio Light and Power 
Co., New York, N. Y. 


fundamentally alfect the normal puvyer fli.sfrihuiing 
characteristics of the system, it does imiirove system 
behavior during abnormal conditions in several way.s 
whiV'li arc discussed in this and in conUKiuiun papers.” 


Typical Power .System Auuan<}ements 

Ever since d-c. machines wen? finst operated in 
parallel, or following this when inilividual drive alter¬ 
nators were first synchwnized, the usual urrangemimt 
has been to provide for paralleling a.H near t o the .sourm 
of power as possible. For a number of yi'ans, ma<!hine 
capacities and system reliability have reiiuired some 
means of obtaining increased react.un(!e value.H to limit 
fault currents, and many large station !>usse.H have been 
broken up into sections by inserting curnmt-limiiing 
reactors. Generator leu<ls supplying the bus and 
feeders from the bus in some case.s have been similarly 
equipped. Such busses usually take the form of a 
closed loop or ring and are composed of a numl.«T of 
sections, each connected to its adjacent sitetions t hrough 
reactances. Another scheme in u.se is the slar arrange¬ 
ment, in which each individual bus .section is itomteHeil 
through a reactor to one common bus or star point. 
Since the amount of reactance as well as its locatiiwi 
in the circuit can easily be varied, many ditfiTent plans 
of bus layout are in use. In general, however, it. has 
become standard xiractise to parallel gCTierat-om in a 
generating station as close to the source as po.‘;.rih)e by 
using some plan of either the “ring” or “star” bus 
arrangement. 

Whenever systems are .supplied from more than tine 
generating station, it is customary to use either tie 
feeders between stations to provide an exten.Hion of the 
paralleling bus, or the system is divided into dislricts 
which are normally tied together with r<*lativ(*ly low- 
capacity ties between each district t<<*maintaiti the 
system in synchronism as an aid to o|jeraticm under 


2. Calculations of System Performance, l»y S. B, 

System Tests and Operating Connection*, by H. ll, Ewirtng and 
G. R. Milue. 
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nonnal conditions. With the first mentioned arrange¬ 
ment (P^g. 2), that is, with tie feeders between generat¬ 
ing stations, the capacity in several stations is used to 
supply a^ wdde area. Therefore, it is essential that 
sjmchronism be maintained not only between all 
units in one station but also between all stations. This 



PiQ. 2 —Schematic Connections Close Linked System 


Improvement in Reliability op Generating 

Sources 

Investigation of the reliability of both the above 
systems made it appear that a generating station bus 
system providing parallel synchronizing paths would 
result in increased reliability to either a close linked or 
a loose linked system, with either ring or star bus plan. 
However, such an arrangement increased the switch 
rupturing duty and the voltage disturbances on system 
faults. Furthermore, it did not simplify the protection 
problem. 

In 1924, following two years' experience with the 
Manhattan multiple feed a-c. network system, the 
author proposed for maximum reliability to operate 
each generator in parallel with remaining generators 
only on the low-voltage network.® This system uses 
the load points as a short-circuit-proof paralleling 
bus for all the units which are *'synchronized at the 
load.” In applying the principles established by 
experience with multiple-feed low-voltage network 
distribution to a group of generators multipled only 
on a low-voltage network, it was assumed that if the 


has been designated as the close linked system. With 
the district arrangement (Fig. 3), or loose linked sys¬ 
tem, the load is de^tely allocated to one adjacent 
station, wherein it is not essential that it should be 
maintained in synchronism with the remaining parts of 
the system. Assuming that the low-capacity ties will 
open properly on a major fault, this station will operate 
M an independent unit, alone supplying its particular 
district. 

Characteristics op “Close Linked” and “Loose 

Linked” Systems 

The close linked system requires high rupturing 
capacity circuit breakers, with increasing rupturing 
duty as the ^pacity of the system is increased. The 
fault protection is complicated, and positive back-up 
protection is difficult to obtain in case the primary 
protection fails. Diming system faults, service voltages 
are subject to excessive drops due to concentrations of 
current at the fault. Finally, the entire system service 
is at stake in case of a series of major faults. 

^ On the other hand, the loose linked system by sub- 
di vision of the load, eliminates the likelihood of an 
entire system shutdown, but it does increase the prob¬ 
ability of interruptions to each district. In addition, 
each station must have some efficient units if economical 
results are to be obtained. This system, except at 
distnct border fringes, cannot obtain the economies 
and reliability' from diversity of a multiplicity of 
sources of supply. In other words, the loose linked 
scheme postulates that a power system can become so 
l^ge that it is either economical, or imperative, to 
divide it into a number of separate districts power 
systems in order to obtain reliability. 




would result: (a) highly reliable sources of supply, 
since they were not affected simultaneously by faults; 
(b) positive back-up fault protection; (c) minimum 
fault current concentrations; and (d) minimum service 
voltage disturbances. The definite evaluation of the 
synchronizing power available and of the amount neces¬ 
sary to keep sufficient generating sources in step to 
supply the load under all conditions of system faults 
presented problems which prohibited the immediate 
application of such an arrangement. Thedetailed deter¬ 
minations of these values, both by calculation and test 
are described in accompanying papers. ^ 



---—->wKiiranK' ■■ 

Fia. 3—SOHEMATIO COHOTOTIONS LoosB Linked S-ybtem 


The synchronizmg power for the New York clo«.e 
linked system with this arrangement was found to K. 
adequate. While it is less under no^al "ud!i.° 
than that which is obtained between individual i^ts 
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synchronized at the sources, yet the effective synchro¬ 
nizing ability at the time of a disturbance is approxi¬ 
mately the same as with a close linked system, due to 
the reduced magnitude of possible faults, and the new 
system has high reliability due to a multiplicity of 
independent sources. With a loose linked system the 
reliability of any district would not be dependent upon 
the synchronizing ability of the system, but upon that of 
a single station. For this reason the number of possible 
independent sources for any district will be less than 
with a close linked arrangement which is considered 
preferable to the loose linked system if it is to be 
^"synchronized at the load.” 

Reliability of Supply Synchronized at the Load 


sources, the load from any generator (or bus section) 
should scatter to as many different load centers as 
possible. If this is carried to extremes, the mean 
length of feeder will be increased unnecessarily. It is 
pointed out that all units do not have to feed each and 
every load point, and in the New York case we did 
not experience any increase in feeder lengths. It 
should also be noted that a4ditional capacity can be 
supplied at lower installation costs because of smaller 
capacity required for electrical connections. 

The arrangement makes the maximum short-circuit 
currents much less than are experienced on a system 
having a number of generators concentrated on a 
single bus. Furthermore, additions to system ca- 


The assurance of reliability of system supply for 
any one fault is secured by the following considerations: 
Sufficient generating sources are “synchronized at the 
load” on a system having ample sjmchronizing power 
between the umts to produce stable operation between 
all sources for any single fault regardless of its location, 
provided the fault is eliminated promptly by protective 
equipment. So long as enough such independent 
sources are in service to maintain the load, the loss of 
the reserve part of the capacity will not result in an 
intCTruption, since the remaining capacity is not jeop¬ 
ardized by this loss. The ability of a low-voltage 
network to eliminate its own faults^ will provide positive 
back-up protection even though a reasonable percentage 
of subsequent failures of protective equipment do not 
eliminate the original fault. If a system has radial 
service supplied from a substation, the low-voltage bus, 
such as a 4-kv. substation bus, will he the last common 
load point and must be used for S3nichronizing at the 
load. In this case, protective devices are relied upon 
for secondary protection, as there is usually a number 
of protective devices in series backing up each other for 
a major fault. In the extreme condition, a fault which 
is not eliminated because the protective equipment 
failed will cause an interruption only to the substation 
where such failure occurs. 

System Results Synchronized at the Load 

With a system synchronized at the load, the current 
and load division between feeders may be affected some¬ 
what except for peak conditions, when results should 
be the same. The magnitude of this effect, however, 
does not make it of major consideration. Similarly 
in ordCT to give the system the reliability obtained by 
diversity o f supplies from a number of independent 

Network, by A. H. Kelioe. A. L E. E. 
Trans., im Vol. 43, p. 845. Also, Extinction, of an A-C. 

^®28, Vol. 47, p. 1404, 

w Breaker, by J, Slepian 

A. I. E. E. Trans., 1929, Vol. 48, p. 623. ’ 


pacity do not increase the switch rupturing duty be¬ 
yond the amount required by the first installation as 
long as the same generating capacity is maintained on 
existing sections. 

Since the magnitude of fault currents is materially 
reduced and since currents from all other units must 
feed through the load into the fault, the resultant 
voltage disturbances due to system faults are materially 
reduced. System service voltages during major faults 
approximating 60 per cent to 90 per cent of normal are 
to be exjpected instead of 20 per cent to 50 per cent of 
normal. 

Conclusions 

with ample synchronizing ability inherent in the 
system to give stability to a number of independent 
power sources, whether located in one or several 
different generating stations, generators synchronized 
at the load can be connected by supply feeders to a 
number of load points, thus making it impossible for 
one fault to affect all of the generating capacity; hence, 
if sufficient reserve capacity is in operation, the loss 
caused by a single fault cannot affect the reliability. 
By this method, reliability of supply depends upon 
having immediately available sufficient spare capacity 
in operation to compensate for a maximum number of 
possible major faults which are reasonably likely to 
occur in the interval required to get spare capacity in 
operation. 
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“Synchronized at the Load”—II 

Calculations of System Performance 

BY S. B. GRISCOM' 

Associate, A. I. S. £. 


Synopsis.—This •payer describes the results of calculaiions made 
for operating the Hell Gate and Sherman Creek generating stations 
of the United Electric Light and Power Company synchronised at 
the load. 

After reducing the numerous branches of the system to a simpler 
equivcdent, calculations were made on the operation of an isolated 
section. These calculations indicated ample static stability and 
transient staMlity under fault conditions representing the maximum 
which might normally be expected. 

Other calculations were made indicating that the entire system. 


with synchronising paths completed through the substation low- 
voltage busses would likewise meet the required stability conditions. 

Tentative system design factors, based on the calculations and 
experience to date, are suggested as a guide to system planning. 

This paper shows a practiced application of the theories and 
principles developed in the studies of transmission stability. In 
the present case a somewhat different object was in view inasmuch 
as it was desired to substantiate ideas as to the feasibility of the plan 
of synchronizing at the load, rather than to obtain numerical limits. 

% 4e 4c Hi 


Introduction 

I N general, the principal reason for s 3 mchronizing 
generators at the load is that it gives promise of 
increasing the reliability of power supply from the 
generating sources. Having as a background the 
many papers and technical articles on stability writt^ 
recently, there is a tendency to associate stability and 
reliability of service. The subjects are related, to the 
extent that a system which is capable of reliable and 
continuous service necessarily possesses stability to a 
high degree. However, with the usually understood 
meaning of stability, it is entirely possible to have a 
stable system which may not be capable of service 
reliability of a high order. 

An example will be used to bring out the conceptions 
of the term “stability” and “reliability’* as used in this 
paper. Assume that a power system is composed of 
only one generating station and that all of the genera¬ 
tors in the station are connected to one bus. Load is 
distributed from this bus by means of feeders con¬ 
nected to it through reactors of conventional value, 
as three or five per cent. This system would be con¬ 
sidered stable, with generator and excitation character¬ 
istics as are in common use. However, the system 
might not be considered reliable because it has a vul¬ 
nerable spot—^the single generator bus. Major trouble 
on the bus, or on any part of the equipment connected 
to it could result in a complete system outage. Thus, 
the system is stable but not reliable. If the bus is 
divided into a number of parts and the sections thus 
formed are connected by reactors, the combination 
would be regarded as having a higher order of reli¬ 
ability than the system with a single straight bus. 
Similarly, if there are two stations, with connecting 
ties, the over-all reliability is considered as still greater. 
It will thus be noticed that the insertion of reactance 

1 . General Engineer, Westinghouae Elec, and Mfg. Co., 
East Pittsburgh, Pa. 

Presented at the Summer Convention of the A. I. E. E., Swamp- 
scott, Mass., June 19^9. 


between units of a system has improved the reliability. 
What has happened to the stability? On a hng 
distance transmission system stability is measured in 
terms of the ability of the generators to remain in step 
with the receiving end of the system, comprising the load 
and local generating stations. On a more compact 
system in which the load is fed through multiple paths 
from different generating units, the requirements of 
stability are met as long as the generators remain in 
step with one another. Therefore, the insertion of 
reactance not normally carrying current between 
generators does not affect the static stability of the 
system as a whole, but decreases the static stability 
of the individual generating units somewhat. The 
transient stability (relating to operation during dis- 



PiG. 1 —^Rinq Bus Connection. Gbnbratok Rbactanob 

12 PER Cent 


turbances such as short circuits) may be increased or 
decreased, depending upon the relations between syn¬ 
chronizing power and fault conditions for the two cases. 

An example will be given, showing not only how in¬ 
creased reactance between generator busses affects 
transient stability, but also that other effects, difficult 
to evaluate, must be considered in determining the 
reliability. Fig. 1 shows the assumed layout. The 
generators are 100,000 kv-a., 12 per cent reactance 
each, while the connecting reactors may have values 
of 6 per cent, 15 per cent, and 40 per cent. Due to the 
symmetrical layout, it is possible to show the effect of 
a three-phase short circuit on one bus considering two 
machines only, as A and B, the short circuited machine 
going out of step and not affecting the others. Figs. 2, 
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3, and 4 show the voltage and angular relations for 
reactor reactances of 5 per cent, 15 per cent, and 40 
per cent respectively. It should be noted that if the 
angular oscillation between machines is regarded as a 
measure of stability, the higher values of reactance 
afford less stability, but if voltage is also considered, 
the advantage is definitely on the side of higher re¬ 
actances. Fig. 5 still further brings out the improve¬ 
ment obtained by the use of high reactance between 
generating units. The analysis was on the basis of an 
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isolated system, and as the short circuit deprives the 
generators of considerable load, the whole system speeds 
up. The average frequency of the machines for the 
three cases is shown by Fig. 5 and it will be noted that 
the higher the reactance between generating units, the 
less the over-speed. With a single station as indicated, 
not interconnected with other stations or other systems, 
this tendency to over-speed is not so serious, but if 
connected, there is very much more likelihood of pulling 
out of step from the other stations when the lower values 
of reactance are used. Thus, judged by angular shifts. 


a system with generating units tied through low re¬ 
actance has greater stability than one where high re¬ 
actances are used, but may have far less reliability and 
be subject to much greater voltage disturbances. 



Pig. 5—^Vabiation of Net System Pbeqttbncy with Three 
Phase Short Circuit on One Bus of a Ring Bub Sthttsm 


The analysis as described above omitted a number of 
factors which are difficult to evaluate but which are 
none the less important. For instance, it was assumed 
that all of the generators were similar both as to rating, 
reactance, inertia, and initial loadings and that the 
governors did not operate; in other words, that every¬ 
thing was symmetrical. Lack of symmetry will cause 
more difficulty where the generators are tied through 
low reactance. 

Stability Requirements for Satisfactory 
Operation when Synchronized at the Load 

The fundamental plan of synchronizing at the load 
is described in a companion paper by Mr. A. H. Kehoe. 
This plan gives a redistribution of reactance on the 
system so that the reactance between machines and in 



Fig. 6—Synchronized at Generating Station Busses 

series with faults is considerably increased. Fig. 6 
illustrates in a schematic manner the connections 
which have been in use in the 60-cycle parts of the 
generating stations of the United Electric Light and 
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Power Company and in the system external to them. 
The generating busses were tied to one another very 
closely, inside the stations by bus-tie reactors and out¬ 
side of the stations by cables at generator voltage. 
The stations themselves were directly tied together by 
high-voltage cables. Fig. 7 shows the same equip¬ 
ment but synchronized at the load with the reactance 
between generating units considerably increased by the 
omission of the bus-tie reactors and inter-station ties, 
and by splitting the substation high-tension busses. 
This scheme of connection is only partly equivalent 
from the stability point of view to a ring bus scheme in 
which high-reactance reactors are used between busses 
since the actual ties between units consist of a large 
number of branches in parallel and because each genera¬ 
tor tends to have symmetrical ties with each other 
generator. In fact, from this point of view, the ar¬ 
rangement is more nearly like the synchronizing bus or 
Staat connection, but does not have any points where 
large ^ amounts of energy are concentrated. The 
stability and reliability of the synchronized at the load 

MK MM AN CHIfA 
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amingement compared to the previous arrangement 
depends upon the relative amount of change in re¬ 
actance in serie.s with faults and between generating 
units. The calculated pcjrformance when synchronized 
at the load is described in this paper, while the test and 
operating re.sults are described in the companion paper 
by Messrs. Searing and Milne. 

The rigid requirements for power supply in a metro¬ 
politan area necessitate a system which has static 
stability under all conditions of operation, and transient 
stability under all conditions of operation with the 
exception that in some cases a disturbance may result 
in loss of a generating unit, and this is permissible, but 
it is required that the remaining units maintain syn¬ 
chronism with one another. In addition to possessing 
the neces.sary stability, there must be no undesirable 
hunting between generating units. The layout of the 
system is such that if stability can be obtained, the 
requisite reliability of service will automatically be ob¬ 
tained, vulnerable points having beenlargely eliminated. 

By static stability is meant that the generating 
units shall be capable of carrying the required load 


under normal conditions without loss of synchronism. 
With such a closely connected system, it appeared 
likely that such would be the case, and the analysis 
of this point was made largely as a formality. 

There are three transient conditions to be considered. 
One condition is a fault located more or less equi- 
distantly from each of the generating units, as (1) on 
Fig. 6. From the nature of the layout, it is apparent 
that such a fault affects all of the generators similarly 
and practically in proportion to the size of the machine, 
hence, would be almost unnoticed. Another condition 
is a fault on a feeder close to one generator unit, such 
as (2), Fig. 7. Practically, this condition resolves 
itself into a fault on the feeder side of a feeder reactor 
on one of the generating units. A fault at this location 
has a tendency to cause the generator nearest it to go 
out of step. The third transient condition is that of a 
short circuit on one of the generating bus sections as 
illustmted by (3), Fig. 7. This condition will almost 
invariably cause the loss of the generators connected 
to that bus section. However, it is required that only 
the remaining generators stay in synchronism with 
each other. 

From the foregoing, it will be seen that the most 
important considerations from the stability point of 
view are that all of the generators keep in synchronism 
for short circuits on the feeder side of a feeder reactor, 
and that all of the generators except those directly 
involved stay in synchronism during a bus short circuit. 
The three-phase short circuit is the most severe, and 
has therefore been made the basis of study. 

Methods of Analys is. 

There are, in general, three ways of making an 
analysis for stability: calculation, laboratory tests, 
and field tests. It was found that the major portion of 
the work involved was in obtaining values of the 
various impedances because of the unusually large 
number of feeders, and since a determination of these 
values for the existing and proposed system of the 
United Electric Light and Power Company was a 
necessary part of the program, all of the analysis was 
made by calculation. Later, tests were made to give an 
over-all check on the derivation of system impedances, 
machine characteristics, and the electromechanical oscil¬ 
lations set up by short circuits. 

The general methods of calculation have been de¬ 
scribed in several papers before the Institute and details 
will not be given here. In all calculations, the load was 
considered as a shunt admittance. This assumption 
was necessary because of the amount of work which 
otherwise would have been required, but it is probably 
fairly accurate for the system under consideration 
because of the relatively large amount of lighting load. 
For the static stability analysis, the synchronous re¬ 
actances of the generators at the initial operating 
points were used. For the transient analyses, the 
transient reactances of the generators were used. The 
effect of variations in the cross flux was not considered. 



1086 


SYMPOSIUM: SYNCHRONIZED AT THE LOAD 


Trajisactions A. I. E. E. 


Decrements of main field fiux, and the general method of 
calculation were about as given in the paper Studies of 
Transmission Stability.^ 

The studies which were made were divided into two 
groups, one being on a portion of the system which, 
in addition to lending itself readily to tests, also is of 
the type representing what appears to be the tendency 
in the growth of the system. This part of the system 
was that which was fed mainly by the 120-208-volt a-c. 
network system. Other analyses were made covering 
the entire system as it was expected to be when the 
plan was first placed in operation. The discussion will 
therefore be divided between the analyses of one 
generating unit split from the system and operating 
on the networks, and the entire system with generating 
units separated at the generating station and synchro¬ 
nizing ties through the low-voltage substation busses. 

Partial System Analysis 

Eduction of Network, The part of the system an¬ 
alyzed is shown by Fig. 2 in the companion paper 
System Tests and Op&rating Connections, Synchronized 
at the Load. In this figure, each small square repre¬ 
sents a networked area and consists of hundreds of 
branches. Due to the extremely large amount of work 
which would be required, it was not considered feasible 
to solve each of the networked areas. However, the 
general structures of all of the networks is about the 
same. Transformers step down to the network from 
the high-voltage cables and the total capacity of these 
transformers bears some relation to the amount of load 
to be served. The load is located partly along the 
secondary mains in the streets. The density of load, 
of course, affects the spacing of the step-down trans¬ 
formers, but considering that each customer must be 
supplied with energy with a reasonable voltage regu¬ 
lation, it is evident that the total impedance from a 
high-voltage feeder to the ultimate load will tend to 
average to some definite percentage value with the load 
as a base. This refers to the impedance from the high- 
voltage cables to the network load. From the stability 
point of view, it is necessary to find the effective im¬ 
pedance through the network, from one generating 
source to another, it being this value which affects the 
flow of synchronizing power. To secure reliability 
in network operation it has been customary to feed a 
given area from as many independent points as possible 
so that if tiie supply from one source is interrupted, the 
load can be carried from the other sources. The load 
distribution from the various sources is carefully 
divided so that each source carries part of the load of 
practically every section of the area. For this reason, 
it is logical that the impedance to the flow of synchro- 
inzing power should also work out to be a function of 
the transformer capacity connected to the various 
sources. 

2. Evans and Wagner, A. I. E. B. Tbans., Vol. 45, 1926, 
pp. 61-94. 


From the stability point of view, it is usually desired 
to analyze for the synchronizing power of one generating 
unit referred to all of the remaining generators as a 
unit. This requirement suggests obtaining, if possible, 
a figure of coupling impedance from each source to a 
fictitious central point, in terms of the transformer ca¬ 
pacity connected to the source, or in other words, a 
star form of representation. 

Fig. 8 shows the appearance of t 3 q)ical network. 
The lines represent 120-208-volt secondary mains and 
are interconnected wherever they are shown as crossing 
on the diagram. The network is fed from several 
different sources, some at 18,200 volts, and others at 
3000 volts. Feed-in points are indicated by the trans¬ 



former symbol. The high-voltage cables are not 
shown on the diagram. Considering, however, that 
each high-voltage cable will supply a number of step- 
down transformers and tiiat the high-voltage cables 
may have the same substation bus as a source, the 
number of independent sources is brought down to 
from three to six. A typical three-phase and a typical 
one-phase network were solved and the results con¬ 
sidered to be generally applicable to the other networks, 
according to the connected transformer capacity. 

A scale was made to convert distances of the map 
to reactances, and the reactance diagram of the net¬ 
work was made. The reactances of the transformers 
were then added at the feed-in points. The network 
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was then set up on a d-c. calculating board, bussing on 
the calculating board all of those feed-in points which 
were supplied from separate and distinct sources. Thus, 
the entire network would be involved in the calculating 
board set-up, but there would be only as many ter¬ 
minals to be considered as there were separate sources. 
Measurements can now be made on the calculating 
board which will permit reducing the complicated net¬ 
work to the minimum number of branches. In general, 
any network can be reduced to a mesh in which there is 



pointe may thus be obtained directly from the current 
reading. If this process is repeated until each feed-in 
point has been used singly with the others paralleled, 
two determinations for the value of each branch of the 
equivalent mesh will have been obtained, thus furnish¬ 
ing a check. The mesh thus obtained is exactly equiv¬ 
alent to the original network. 

In order to apply the results obtained from the 
analysis of two networks to the solution of all of the 
networks, it is necessary to put the results in terms of 
the impedance from source to central point, according 
to connected transformer capacity, as explained pre¬ 
viously. There is no exact conversion between the 
mesh and star forms of network representations for the 
reason that the mesh is the general form and the star a 
restricted form which is only applicable when there are 
certain relations between the branches of the mesh. 
An approximate formula for the conversion from mesh 


Fig. 9—Equivalent Mesh for Network. Values Given 
ARB Ohms at 13,250 Volts 

a branch connecting each terminal point with each 
other terminal point, and this form of representation 

will give the^ smallest number of branches that o-a n be / n. 

used and still represent the original network exactly. y 

Fig. 9 shows such an equivalent mesh for the network ™ ^ 

of Fig. 8. The values of the branches between the Equivalent Star 

but one to the negative bus, as indicated in Fig. 10, 

and supply potential from the positive bus to the re- Zi = —~ — — _ I _ 

(Y 4. Y a. V \ 
^ T" X 8 •4" • • . Yn) 




Where = impedance of branch from terminal (1) 

to star point. 

Zi = impedance of branch from terminal (2) 
to star point, etc. 

Yi ~ Total admittance from terminal (1) to 
all other terminals in parallel. 

Yi = Total admittance from terminal (2) to 
all other terminals in parallel, etc. 
n = Number of terminals. 

Fig. 11 shows the approximately equivalent star ob¬ 
tained in accordance with the above formulas. 

This conversion formula from mesh to star form is 
empirical and should not be used where it is known that 
the mesh can be converted to an exactly equivalent 
star as for instance, where the mesh form has been 
derived from the star form. Also, there is an exact 
conversion between mesh and star forms where there 
are only three terminal points and this conversion 
should be used in such a case. 


(n -h 2) 


(Fi + Fa + . . . Yn) 


Fig. 10— -Method of Obtaining Equivalent Mesh 

maining feed-in points. An inspection of Fig. 10 will 
show that the current which flows from the positive 
to the negative bus through the network (or in the 
equivalent mesh which is to represent it) divides 
between the four feed-in points in proportion to the 
admittance of the branch from the positive feed-in 
point to lie negative bus; each of the four other feed-in 
points being at the same potential, no current flow 
m the brmches connecting them. The admittance 
from the single feed-in point to each of the other feed-in 
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A three-phase and a one-phase network were solved 
in t his manner, and due to the fact that the feeds were 
at 13,200- and 3000-volts, with transfomers of different 
reactance, the results were somewhat different as shown 
below. The results are expressed as per cent reactance 
firom the high-voltage cable source to the fictitious star 
point and based on the combined kvra. ratings of the 
step-down transformers. 


13,200 volts 3 phase.11 per cent 

3,000 volts 3 phase. 7 per cent 

13,200 volts 1 phase.33 per cent 

3,000 volts 1 phase.IS per cent 


Tests made on the Times Square network as de¬ 
scribed in a companion paper gave an average impe¬ 
dance of 6.1 per cent and an average reactance of 4.3 
per cent not including transformer reactance. This 
was a 3000-volt, three-phase network, and, adding the 
transformer reactance of 2.7 per cent gives 7 per cent 
reactance from high-voltage cable to star point. 

After having thus obtained the reactance of the net¬ 
work elements, values were substituted for the small 


generator terminal voltage computed to give the points 
of the voltage-power characteristic of Fig. 12, this form 
being more readily interpreted. It will be noted that 
with an initial load of 22,000-kw, at 100 per cent voltage 
the static stability analysis indicates that with fixed 
field excitation, a load of 31,500 kw. could be carried 
before pullout takes place at 88 per cent voltage. This, 
of course, does not mean that a higher load than 31,400 
kw. could not be canied, but merely represents the ap¬ 
proximate margin for a given initial load and correspond¬ 
ing field excitation. This analysis indicates that there 




Fig. 12—^YoltagetPowbr Charactbbistic, Indicating Static 

Stability 

squares of Fig. 2 of System Tests and Op&ratiTig Con¬ 
nections, (Part III of this symposium), in accordance 
with the transformer capacity connected to the various 
cables. The effective reactance between the generator 
to be tested and the remainder of the system, through 
the networks was found in this manner. Resistance 
components were then added to the reactances ac¬ 
cording to what was considered to be the probable 
ratio of resistance to reactance. Admittances were 
placed along the connecting impedance between the 
two generating sources in proportion to the probable 
electrical distances of these loads from the sources. 
This gave a static network to which it is only necessary 
to add the generator reactances to proceed with the 
analysis. 

SMic Stability. The synchronous reactance of the gen¬ 
erator under test and the remainder of the generators 
grouped were added at the proper ends of the connecting 
network, and, with the intern^ voltages determined in 
accordance with the initial loadings, completed the data 
necessary for obtaining a static power-angle diagraTn, 
Points were picked off of this characteristic and the 


Pig. 13—Calculated Transient Power Angle Diagrams 

is ample static stability without the use of automatic 
voltage regulators. 

There was some speculation as to the possibility of 
hunting, but this factor cannot readily be examined in 
advance. It was felt, however, that no hunting would 
occur, and this was found to be the case when tested. 



Pig. 


TIME-SECONDS 

14—Calculated Angular Variation in Q-enbrator 




Transient Stability. The first analysis of transient sta¬ 
bility was made for the condition of a fault on a feeder 
8000 ft. from the station. Transient power-angle dia¬ 
grams were obtained by combining the transient react¬ 
ances of the generators in series with the static network 
previously obtained, giving the curves of Fig. 13. Curve 
“1” shows the conditions for normal operationand curve 
shows the conditions with the feeder fault. The 
term “transient power-angle diagram” is here used to 
refer to the variation in power output of the generator 
as a function of angle, when the time required to move 
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from one point to another is very short, or in other 
words, that the internal voltages of the generators are 
the same as for initial conditions. In making the step- 
by-step calculations, the decrement of the main genera¬ 
tor field fiuxes were calculated and corrections made 
therefor. 


8000 
7000 
6000 
5000 I 
4000 g 
3000 i 
2000 
1000 
0 

0 0^ 0.4 0.6 0.8 1.0 12 1.4 1£ 

TIME-SECONDS 

Fig. 15—Calculated G-enebatoe Voltage, Qenekatob 
Load and System Load Corkesponding to Fig. 12 

Pig. 14 shows the calculated variation in angular 
position of the rptors of the generators with a short 
circuit on for a period of 0.6 sec. 

Fig. 16 shows the variation in generator voltage, 
generator load, and network load during, and for a short 
period following the short circuit. The network load 
is equal to the generator load minus the loss in the con¬ 
necting network, .and, in the case of the short circuit, 
the power lost in the short circuited cable. This figure 
may be compared with the results obtained on one of the 
tests and for convenience, these results are reproduced 
here in Fig. 16. It will be noted that the results show 
the same general characteristics and some of the differ¬ 
ences can be explained by differences in set-up. The 




test length of short-circuited cable was 5000 ft. instead 
of the value of 8000 ft. used in the calculations, giving 
a smaller rise in power when the short circuit is applied. 
The initial load was 11,500 kw. instead of the value of 
14,500 kw. used in the calculations. When the circuit 
breaker .opened to clear the fault, there was a con¬ 


siderable momentary power loss in the breaker which 
was not considered in the calculation. There is also a 
considerable damping torque generated by the fiuxes 
in the generator and this and the variation of cross-flux 
were neglected in calculation. In general, however, 
the conclusions reached by tests and the calculations 
made prior to them were the same, that is, that with 
short-circuit currents of the order and duration tested, 
and with tie impedances as existing at the time of the 
test, the system would be stable under such transient 
conditions. 

Some approximate analyses and the other tests 
which were made showed that a short circuit directly 
outside of the station would be more severe from the 
stability point of view, but they could likewise be 
handled. 

Comparison of Calcidated and Derived Power-Angle 
Diagrams. During the tests, the set-up was such that 
the equivalent voltage of the entire system with the ex¬ 
ception of the generator under test was available in the 
same station as the tested generator, so that facilities 
were available for measuring the magnitude of both 

Tested Remainder of 

Generator System Generators 



Fig. 17—^Approximate Network Equivalent op System 
Characteristics during Tests 

voltages and the phase displacement between them. 
In addition, oscillographic records were obtained of the 
variations in power and* kv-a. output of the generator 
and power and kv-a. drawn by the fault, so that the 
difference gave the power output into the connecting 
network, from instant to instant, during and after the 
short circuit. These oscillographic readings were used 
to obtain an experimental check on the characteristics 
of the system between the tested generator and the 
remainder of the system. Fig. 17 shows a general 
form of static network for representing the system con¬ 
nections, consisting of an impedance between the 
machines and an admittance at the terminals of the 
tested generator. The admittance corresponding to 
the load on the remainder of the system need not be 
considered because of its relative size. Therefore, 
considering only the branches Z and Y, the following 
relations apply: 

Eg — Er Z Ir 
Is ^Ir+YEs 

hence: 

Es^Er+Z{Is- YEs) 

The vector values of E,, £7r,andJr are known at various 
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time intervals; hence, by setting up simultaneous there was an instantaneous symmetrical three-phase 
equations in pairs, determinations of Z and T may be short circuit of about times full load on the genera- 
made. The following independent determinations were tor for 1.8 sec., and a relatively weak tie to the re- 
obtained: mainder of the system, the generator remained in step. 


Ohms at 8000 volts 

0.199 1.150 
0.204 1.312 

0.062 +y 1.118 

0.448 +j 0.997 
Average 0.228 + j 1.144 


Mhos at 8000 volts 

0.364 -y0.073 
0.334 -i 0.158 
0.271 -y 0.049 
0.435 -y0.216 
0.349 -y0.124 


These values may be expressed in terms of the gen¬ 
erator rating of 25,900 kv-a., and on this basis the 
impedance becomes 9 per cent resistance and 46 per cent 
reactance and the admittance becomes the equivalent 
of 22,000 kv-a. at 94 per cent power-factor lagging 
(at normal voltage). So far as known, the above 
represents the first experimental determination of 





0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 ZO 2.2 2.4 ^6 
TIMiE-SECONDS 

19—^MxiAstrEBD AND Dbbivbd Angttlab Swings dtjbing 
Test No. 10 


transient load characteristics, expressed in the static 
network form. 

When the transient reactances of the generators Were 
added to the ends of the network thus obtained, the 



-20 0 20 40 60 80 100 120 

ANGLE BETWEEN MACHINES 

Fig. 18—Calcvdatbd and Debived Poweb Angle Diagbams 

total impedance to the flow of synchronizing power 
was found to be 60 per cent on the generator rating. 
Because of the shimt load, however, the TYifl.YfTTmTv> 
point on the transient power-angle diagram is con¬ 
siderably in excess of the value corresponding to 60 
pw cent impedance. Mg. 18 shows the power-angle 
diagram as derived in the above manner, and the cal¬ 
culated power-angle diagram of Mg. 13 is added for 
comparison. 

Mg. 19 gives a comparison of the measured and de¬ 
rived angle time diagrams for test No. 10. The mea¬ 
sured curve was obtained from the oscillographic 
measurements with a small correction for the internal 
angle of the generator, while the derived curve was 
obtained from the derived system characteristics, and 
the measured variations in power output. Considering 
the manner in which the determinations are interleaved, 
this figure indicates a fairly good over-all check. 

Mg. 20 shows the saturation curve of the generator 
tested. It is interesting to note that the generator had 
a short-circuit ratio of 0.76 and despite the fact that 


The initial load was approximately 60 per cent of rated 
load, at rated power factor and no automatic voltage 
regulators were in use. These figures show quite clearly 
that high short-circuit ratios are not required of turbo 
generators for power supply in relatuely closely connected 
systems. 

Entire System 

In analyzing the entire generating system of the 
United Electric light and Power Company, there are 



HELD AMPERES 

Fig. 20—Satubation Cttbves of Tested Gbnebatob 

two transient stability requirements to be met as well 
as the static stability requirement. It must be capable 
of withstanding a three-phase short circuit on one of the 
generating busses without the other generators losing 
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synchroiiism, and it must be able to withstand feeder 
short circuits. It was not considered necessary to 
repeat the analysis of static stability in view of the 
results obtained on the portion of the system previously 
analyzed. 

The proposed initial layout for synchronizing at the 
load is shown by Fig. 6 in the companion paper by 
Messrs. Se^ng and Milne and it will be noted that the 
S3mchronizing tie in this case is principally through the 
substations rather than through the a-c. low-voltage 
network. 


quite nominal considering the character of the fault 
condition. This analysis indicates that the proposed 
scheme can operate and furnish stable and reliable 
service with a solid three-phase short circuit on one 
bus, provided thwe is enough^ generating capacity in 
reserve, and provided that the bus section is isolated 
in a reasonable time by the opening of feeder switches. 

Feeder Short Circuits. A transient stability analysis 
was next made with a short circuit on the feeder side of a 
feeder reactor, the reactance of which was such as to 


A calculating board set-up was made as in thep revious 
studies to obtain the equivalent mesh of the ties ex¬ 
ternal to the generating stations. The reactances of 
the various generators were then added to the mesh, and 
another calculating board study made for the equivalent 
mesh including the internal reactances of the generators. 
The following table shows the per cent reactance be¬ 
tween the internal voltage of the generators connected 
to each bus and the internal voltages of all other 
generators combined, based on the combined ratings of 
the generators connected to the bus in question. 



PiQ. 21 Effbot of Bus Shobt Circuit with ENi^ifiB Ststbji 
Stnchronizbd at the Loau 


Bus section 

Per cent 
reactance 

N. E. 

30 per cent 

S.W. 

29 per cent 

4 

50 per cent 

5 and 6 

60 per cent 

7 

60 per cent 

8 and 9 

62 per cent 


These values indicate that the system is at present some¬ 
what unbalanced with reference to the synchronizing 
power of the various generators. This is due to a 
temporary local condition in that the feeder capacities 
at Hell Gate and Sherman Creek are not in proportion 
to the generator capacities. This condition will grad¬ 
ually disappear as cable rearrangements and additions 
are made. 

Bus Short Circuit, A solid three-phase short circuit 
was considered as applied to the bus section which gave 
the largest short-circuit current. Under this condition, 
the generators operating on this bus section immediately 
lose all of their load, and over-speed. The resultant 
effect on the other generating bus sections depends upon 
how much dissymmetry there is in the layout. With 
an entirely symmetrical layout, the other generators 
would tend to speed up in unison with no tendency to 
lose synchronism with each other. In order to simplify 
the analysis, the results were calculated on the basis of 
reducing the system to two equivalent generating 
groups. One of these groups included those generators 
on the bus section having the maximum differences 
from the others, while the remaining generators were 
grouped together. 

Fig. 21 shows the results obtained. It will be noted 
that the angular oscillation between the generating 
groups is very small, and that the drop in voltage is 


produce a short-circuit current of three times the full¬ 
load current of the generators connected to the bus. To 
facilitate calculations, the generators were grouped , so 
that those on the bus having the short-circinted feedw 
constituted one group, and all other generators, the. 
other group. ^ Theresults of this analysis are shown by 
Fig. 22. It will be observed that this condition sets up a 
considerably larger oscillation than the bus short circuit, 
but that considerably less voltage disturbances are set up. 
This calculation indicates that short circuits up to 
three times the current rating of the nearest generators 
and having a duration up to about two sec. can be 
handled successfully. However, where possible, both 
the current magnitudes and duration should be re¬ 
duced as this will constitute less hazards and give less 
voltage disturbance. 





TIME-SECONDS 

Pia. 22 —^Effect of Pbbdbe Short Circuits with Entire 
System Synchronized at the Load 

Operation of Interconnected Systems Both Synchronized 
at the Load. If connected systems had a common load 
throughout, and the interleaving of tie reactance was 
carried out in the same manner as can be done on the 
single system, the operation of two systems intercon¬ 
nected would be exactly the same as one system of 
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greater capacity. In general, however, there is a rela¬ 
tively small common load between various intercon¬ 
nected s 3 rstems so that the facilities for thorough inter¬ 
leaving are small. It is therefore apparent that the re¬ 
actance between two interconnected systems will be con¬ 
siderably higher on a percentage basis than the reac¬ 
tance between the various generators on a single system. 
Therefore, the synchronizing power which can be de¬ 
veloped between two interconnected systems is much 
lower in proportion to the aggregate capacity of the 
systems than the synchronizing power available for each 
of the generators on a single system. However, there is 
another circumstance which makes it unnecesary to 
have low reactance between systems. The synchroniz¬ 
ing power which is required to keep generators in step is 
almost directly proportional to the disturbance which 
tends to force them out of step. Considering a single 
generating bus section on a system, the magnitude of 
disturbance which it might receive (such as a short 
circuit of three times normal) is large compared to its 
size and a relatively high synchronizing power (or 
low tie reactance) is necessary. With two systems 
inter-connected, each of which is laid out so as to restrict 
short circuits to a low value in relation to the &ntire 
system, a short circuit on one cannot seriously disturb 
the system as a whole, and therefore the requirements 
for the flow of synchronizing power between the inter¬ 
connected systems is minimized. 

A study was made of two large systems interconnected 
by ties having an aggregate capacity of 60,000 kv-a. 
and 30 per cent reactance. The aggregate connected 
generating capacities of the systems were 700,000 
kv-a. and 400,000 kv-a. It was found that generating 
capacity carrying 100,000 kw. of load could be dropped 
from the smaller of the two systems without loss of 


Furthermore, short circuits on one system will not 
produce very noticeable effects on the other system. 

Tentative design Constants 

From the studies and tests made thus far, the follow¬ 
ing values are suggested as reasonable for system 
design. 

Synchronizing Ability between Generators. The im¬ 
pedance between the internal voltage of one generating 
unit and the internal voltage of all other units of the 
same system in parallel (not including ties to other 
systems) should lie between 40 and 60 per cent based 
on the kv-a. rating of the generating unit. 

Synchronizing Ability between Systems. The im- 


Fig. 23—Schematic Diagram op Interconnected System, 
Both Synchronized at the Load 



synchronism. In order for this to be considered as a 
practical emergency condition, it would, of course, be 
necessary that a considerable portion of the 100,000 
kw. be quickly picked up by spare capacity on the 
system actually losing the large unit. 

No anal 3 rtical study was given to the results to be 
expected, if the loss of a large unit was coincident with a 
bus short circuit, but it is quite likely that this con¬ 
dition could be successfully met. 

Fig. 23 Indicates in a schematic manner what is prob¬ 
ably the most desirable method of interconnecting two 
systems, both of which are synchronized at the load. 
As indicated there, the tie lines are of sufficient number 
so that the loss of one will not seriously reduce the syn¬ 
chronizing power, and the tie-in points are distributed 
in such a manner that a large part of either system is not 
affected by a short circuit on one of the tie lines. 


pedance between two systems both of which are syn¬ 
chronized at the load should not exceed 200 per cent 
on the rating of the smaller of the two systems. 

Shryrt Circuits. The maximum instantaneous sym¬ 
metrical short-circuit current on a feeder from a 
generating unit should not exceed 2}4 times the normal 
current capacity of the generating unit and should not 
be permitted to last longer than DA sec. For simplicity 
this value should be obtained on the basis of a short circuit 
with the highest capacity feeder reactor in series with 
the generating unit on a three-phase short circuit. 
For higher values of short-circuit current the duration 
of short circuit must be reduced. 

Circuit Breaker Capacity. With the above system 
proportions, the interrupting duty on a generating unit 
breaker will not, in general, exceed IH times the gen¬ 
erator short circuit current. 


“Synchronized at the Load”—III 


System Tests and Operating Connections 

BY H. R. SEARING^ and G. R. MILNE® 

Member. A. I. B. B. Associate, A. I. B. E, 


^ Synopsis, System test results, operating connections, and expe¬ 
rience vnth the New York City system synchronized at the load 
are given. Data obtained by test are presented, showing the behavior 
of the system when generators are operated synchronized only 
through a low-voltage Orc, secondary network. 

The adaption of this method of connections to the New York City 
60-cycle system, including system layout, station and feeder re¬ 


arrangement, and automatic recording apparatus is described. 

Experience with these connections has demonstrated that stable 
performance of prime movers is obtained, load and wattless control is 
simplified, oil circuit breaker duty is reduced, and voltage fluctuation 
at customer's service during system disturbances is materially 
decreased. 

^ ♦ ♦ lit 


T he New York City 60-cycle system is principally 
supplied by the generating stations of the United 
Electric Light & Power Company with inter¬ 
connections to the Brookl 3 ni Edison Company system. 
Primary energy is supplied to the United distribution 
system on Manhattan Island and to the Bronx, West¬ 
chester, and Queens districts. 

Two stations—Hell Gate with a 60-cycle capacity 
of 500,000 kw. and Sherman Creek with a 60-cycle 
capacity of 105,000 kw., supply the systems. In 
addition to the interconnections with the Hudson 
Avenue Station of the Brooklyn Edison Company, 
there are connections to the 25-<iycle system through 
five frequency changers aggregating 185,000 kw. 

The 60-cycle distribution load on Manhattan is 
supplied almost entirely by multiple feed low-voltage 
networks, having a total connected transformer ca¬ 
pacity^ of 100,000 kv-a. Similar networks are in 
operation in the Bronx and in parts of Queens. Service 
to the remaining districts as well as the major supply 
to these networks is furnished through conventional 
distribution substations. In network districts, how¬ 
ever, the building of new substations has been dis¬ 
continued and the distribution transformers are supplied 
at generator voltage. 

^ The high degree of service reliability required by 
high-load density districts, called for a system superior 
to the usual radial arrangement. This led to develop¬ 
ment of the multiple feed a-c. low-voltage network 
which was first placed in service in Manhattan in 1922. 
Experience with this system of distribution with rapidly 
expanding application indicates that the reliability of 
service is now limited by that of the generating sources. 

Operating experience has shown that a bus fault on 
the conventional ring bus arrangement of generator 
connections with high capacity interstation ties will 
cause outage to parts of the system and serious dis¬ 
turbance to the remainder. 

1. Assistant Electrical Engineer, United Electric Light & 
Power Company, New York, N. Y. 

2. Engineer, Design Division, United Electric Light & 
Power Company, New York, N. Y. 

Presented at the Summer Convention of the A. I. E. E., Swamp- 
scott. Mass., June 2^-28,1929. 


The companion papers describe a new arrangement 
of system connections to the generating sources— 
synchronized at the load—^which applies the principle 
of multiple feeds upon which the network distribution 
system is based. 

With this arrangement a generator about to be placed 
in service, is first synchronized with an adjacent unit 
and connected to the bus in the usual manner. After 
the generator is supplying the load of the bus section 
to which it is connected, the high-tension connections 
to the adjacent unit are opened leaving the generator 
connected only through the low-voltage networks. 

In order to check the predictions and calculations and 
to furnish a basis for operating all generating units 
synchronized at the load a number of system tests was 
made. 

Experimental Determination op Network 

Impedance 

The proposed arrangement contemplated a system 
in which the only connections between generators would 
be those through the secondary network. While the 
system constants from the generator to the network 
were susceptible to accurate calculation, there was no 
information available as to the impedance of the 
secondary mains system; hence, it was desirable to 
obtain test confirmation of the calculated values. 
This test was made on the Times Square Network 
covering 0.37 sq. mi. with a connected transformer 
capacity of 11,325 kv-a. supplied by eight distribution 
circuits. Two of these circuits emanat ing from a re¬ 
mote substation were out of service during the tests to 
simplify the determination. 

Readings were obtained during light load periods in 
order to eliminate as far as possible the effect of cus- 
*tomer’s load. By manipulating the feeder regulator on 
one circuit while the regulators of the other circuits 
were kept in a fixed position, values of current, voltage, 
and power of each circuit and various differential 
voltages for different regulator positions were obtained, 
which gave the average impedance. 

^ter subtracting the impedance of the regulators, 
primary cable, and transformers, the impedance of the 
network from the transformer terminal points of any 
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feeder to an imaginary star point, was found to be 
5.1 per cent based on the transformer kv-a. connected to 
the feeder. 

The value of 5.1 per cent agrees reasonably well with 
a calculated value of 4.6 per cent for a similar case when 
it is considered that the calculations were made on a 
different network (Inwood) and the network under test 
was distorted by having two of its normal feeders out 
of service. 

While this value will vary depending on the design 
of the network, it is felt that 5.1 per cent represents a 
high value which may be reduced as the load density, 
on the network, is increased. 

System Tests 

Calculations made on an arrangement in which one 
of the generators )vas connected to the remainder of 
the system only through low-voltage networks, fore¬ 
casted successful operation during normal loading and 
feeder short circuits on the system connected to this 
generator. Therefore, arrangements were made to 
test the performance of one generator at Sherman 
Creek Station synchronized with the remainder of the 
system through the Manhattan secondary network. 

Due to the limited capacity of network feeders avail¬ 
able for this purpose, the coupling between the genera¬ 
tor thus isolated and the remainder of the system was 
small when compared to the generator capacity and 
therefore, the test conditions were more severe than 
would be expected under an arrangement where the 
generator capacity and network interlinkings were 
comparable. The specific purposes of the test were, 
to determine the stability of a generator operating under 
such conditions and subjected to feeder short circuits, 
check the action of automatic network switches having 
^nsitive reverse power settings, and determine the 
effect of sucJi operation on the customer’s service. 



Pig. 1—Schematic Connections foe System Test 

Two 60-cycle systems, herein known as the ’^auxiliary 
system” and the *'main system,” were set up and isolated 
one from the other except through their connections 
't the low-voltage networks as shown schematically 
Fig. 1. The auxiliary system consisted of a number 
13.2-kv., 7.8-kv., and 3-kv. feeders through which 
’.erator No. 4 at Sherman Creek, which has a rating 
12,000 kw. at 8000 volts with 85 per cent power factor 
I 12.5 per cent inherent reactance, was connected 


to the low-voltage networks. The 13.2-kv. feeders of 
the auxiliary system were connected to generator No. 4 
through a bus-tie transformer bank at Sherman Creek. 
These auxiliary system feeders were connected to the 
low-voltage networks through distribution transformers, 
the total installed capacity of which was 19,850 kv-a. 
The main system consisted of the balance of the New 
York City 60-cycle system. At the time of the test, 
there was a total rated generator capacity of 274,400 kw. 



Pig. 2—Detailed Connections fob System Test 


connected to the main system at Sherman Creek and 
Hell Gate, most of the load of which was supplied to 
^ districts other than the networks involved in the test. 
‘ These generators which are all 13.2-kv. units were 
connected to the low-voltage networks through various 
13.2-kv., 7.8-kv., and 3-kv. feeders, the 7.8-kv. feeders 
being connected to the generating station 13.2-kv. bus 
through bus-tie transformer banks. The main system 
feeders were connected to the low-voltage networks 
through distribution transformers, totalling 41,650 kv-a. 

A more detailed diagram of the system connections 
directly involved in the test is shown in Fig. 2. 

During the test, the approximate loading was 12,000 
kw. on generator No. 4 at Sherman Creek and 218,310 
kw. on the generators connected to the main system, 
of which it is estimated 25,200 kw. was supplied to the 
low-voltage networks included in the test. 

A tabulation of the total capacity of distribution 
transformers involved is given in Table I. 

Neglecting the effect of network load, the impedance 
between generator No. 4 and the remainder of the 
system including internal reactances of all machines 
was approximately 60 per cent based on the rating of 
generator No. 4; 25,900 kv-a. During the tests, all 
feeder regulators were on automatic operation. All 
generators on the system are arranged for manual 
excitation control. 

For each test, the main and auxiliary systems were 
set up, but remained tied high tension through the two 
selector switches of generator No. 4 at Sherman Creek. 
Then the load of generator No. 4 was reduced to a 
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TABLE I 

OAPAOITY OP DISTBIBUTION TRANSPORMEBS CONNECTED 

low-voltage networks involved in test 




Installed capacity of distribution 
transformers in kv-a. 

Secondary network 

Type 

Auxiliary 

system 

Main 

system 

Total 

Inwood . 

3 ^4 W 
1<P8W 
1^3 W 

3 04 W 
i I 03 W 

1 03 W 

1 03 W 

1 03 W 

1 03 W 
304 W 

3 ^ 4 W 

SI Sl7i5 0 

K Op7 K 

Q AAO e 

5*ort George. , 

1,050,0 

850.0 

1 1.800.0 
o Asn n 

Of^Oi mO 

1 /iRn A 

o.DOZ. O 

O 1AA A 

Fort Waaliington. 

XfUOU • u 

675.0 

1 1,425.0 

1 Aoe: A 

1 KOK n 

Medical Center. 

1 3,225.0 

4,475.0 
3.050.0 

A. 1 KA A 

Audubon... 

Colonial Park.. 

1.250.0 

1.150.0 

1.700.0 

1 n 

1 pnn n 

Hamilton Grange. 

St Ann n 

Higbbridge . 

1 QOK n 

lOU • u 

3,625.0 

5,525.0 

A AAA A 

Harleni . 

A 1AA A 

Biyerside. 

1 non o 

R 1AA A 

Circle . 


O.xUU • U 

O.OUU. U 

7,237.6 

11,325.0 

Times Sauare. . . 

3 04 W 

# OU . V 

1.950.0 

O.4o/ . o 

Q ^*7R A 


€7.0 « 0. U 


Total 

19,860.0 

41,650.0 

61,600.0 


value equal to the sum of the loads on the auxiliary 
system feeders, after which the two systems were 
separated high tension by opening the main bus selector 
switch of generator No. 4. After the various tests 
had been completed, normal conditions were restored 
by closing the main bus selector switch of generator 
No. 4. 

On May 7, 1928 the two systems were set up and 
operated synchronized through the low-voltage net¬ 
works from 8:52 p. m. to 9:57 p. m. Although no 
short circuits were applied, the machine showed no 
signs of hunting, and at all times gave stable operation. 
During the evenings of May 8, 9, and 11, the two 
systems were set up and a total of nine three-phase 
short circuits was placed on the auxiliary system, 
each short circuit being cleared automatically in a 
predetermined time. These short circuits were made 
at various locations over a 7.8-kv. feeder, the last 
three being applied directly outside the feeder reactors 
at the generating station. The total phase to neutral 
impedance, exclusive of generator No. 4, for each short 
circuit is listed in Table II. 

Oscillographic equipment was used at Sherman Creek 
to measure: 

(a) Current and power of short circuited feeder 
Terminal voltage of generator No. 4 

(c) Voltage of main system at Sherman Creek 

(d) Differential between above voltages 


(e) Differential watts using current of generator 
No. 4 and differential volts 

(f) Current, power, throttle position, and field 
current of generator No. 4. 

In addition, stroboscopic equipment was used during 
the tests to view the rotor displacement of generator 
No. 4 during the disturbances. In order to measure 
this displacement, a white indicator was marked on 
the shaft of the generator and was caused to appear 
stationary by means of a stroboscope which consisted 
of a neon lamp, a suitable interrupter, a transformer, 
and a synchronous motor to drive the interrupter. 
The supply for this synchronous motor was obtained 



Fig. 3 Stroboscopic Imaob on Shaft op Obnerator 

No. 4 

from^ the main system. The circumference of the 
housing about the shaft was marked in such a manner 
that the displacement of the shaft could be read in 
degrees. See Fig. 3. 

Nine recording voltmeters were installed at various 
locations on the networks to obtain a record of the 
voltage dip caused by the short circuits. 

The total number of network switches involved in 
these tests was 649, of which 208 were connected to the 
auxiliary system and 441 were connected to the 
system. During ah tests, about 53 men were stationed 
at various locations to observe network switch and 
relay performance; 492 locations were supervised by 
operation counters. 


TABLE II 


Date 

Time 

(PM) 

Duration 
of short 
circuit 
(seconds) 


Impedance of short circuited feeder in ohms to neutral 


Sberman Creek reactors 

Reeder cable 

Substation reactors 

Total 

R 

X 

R 

X 

jt 

X 

R 

X 

5— 8^28 

5— 9“28 

5— 9—28 

5— 9—28 

5— 9—28 

5— 9—28 
5“11“28 
5-11-28 
5-11-28 

9:00 

8:15 

8:35 

8:57 

9:15 

9:41 

8:20 

9:02 

9:20 

0.29 

0.28 

0.55 

0.92 

1.35 

1.82 

0.67 

1.24 

*1.80 

0.018 

0.018 

0.018 

0.018 

0.018 

0.018 

0.012 

0.012 

0.012 

1 

0.276 

0.276 

0.276 

0.276 

0.276 

0.276 

0.016 

0.016 

0.016 

0.207 

0.207 

0.207 

0,207 

0.207 

0.207 

0.023 

0.023 

0.023 

0.015 

0 

0 

0 

0 

0 

0 

0 

0 

0.688 

0 

0 

0 

0 

0 

0 

0 

0 

0.309 

0.294 

0.294 

0.294 

0.294 

0.294 

0.028 

0.028 

0.028 

1.783 

1.095 

1.095 

1.095 

1.095 

1.095 

0.677 

0.677 

0.677 
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A summary of the results of all the short-circuit tests 
is given in Tables III and IV. Detailed results of the 
short circuit applied just outside the station reactors 
for 1.24 sec. are given in Pig. 4. The record of throttle 
position showed no movement and is not given. Com¬ 
plete results could not be given for the short circuit of 
longest duration, made May 11, 1928 at 9:20 p. m., 
as no record was obtained of the current and power in 
the short-circuited feeder. This test was no more 
severe than the one illustrated, as an inspection of 
Pig. 4 will show that the unit was past its maximum 
oscillation during that test. 


by a feeder short circuit did not exceed the normal 
kilowatt load on the generator, network switches of the 
sensitive reverse power type remained closed even 
under the most severe condition of feeder short circuit. 
The voltage on the network was sustained at a value 
which precluded any network switches of the low- 
voltage release type from operating prematurely due to 
low voltage. During the test, a maximum of 1.4 per 
cent of the network switches connected to the machine 
under short circuit opened and reclosed. These 
switches opened because the network load at that point 
was small at the time of test. 


TABLE III 

SUMMARY SHORT-OIROUIT TESTS SYNCHRONIZED AT THE LOAD MAY 7-H, 1928 


Date 

Time 

Duration 

seconds 

Load on 
gen. No. 4 
lew. 

♦Current In 
short cir¬ 
cuited feeder 
amps. 

Power in 
i^ort cir¬ 
cuited feeder 
kw. 

Voltage drop 
atgen.No. 4 
per cent 

Voltage dnip on networks 
per cent 

tMax. swing of 
gen. No. 4 dur¬ 
ing short-cir¬ 
cuit. electrical 
degrees 

Max. 

Min. 

6- 8-28 

9.’00 p.m. 

0.29 

13,600 

2010 

3800 

16 

13 

R 

4 lead 

6- 9-28 

8:15 p.m. 

0.28 

11,500 

3120 

9400 

21.5 

10 

10 

•H Itstd 

5- 9-28 

8:35 p.m. 

0.55 

12,500 

3090 

9400 

28.5 

21 

11.5 

H lead 

5- 9-28 

8:57 p.m. 

0.92 

11,700 

3120 

9400 

28.5 

21 

i:i.o 

9 loud 

6- 9-28 

9:15 p.m. 

1.35 

^ 12,760 

3120 

9400 

31.0 

21 

U.5 

1.5 luiul 

5- 9-28 

9:41p.m. 

*1.82 

12,750 

3120 

9400 

31.0 

21 

12 

19 loud 

6-11-28 

8:20 p.m. 

0.67 

12,500 

4720 


44.5 

33 

19.5 

2(1 loud 

6-11-28 

9:02 p.m. 

1.24 

12,250 

4720 

800 

45,0 

34 

19 

34 lead 

6-11-28 

9:20 p.m. 

1.80 

12,900 

4720 

•• 

44.5 

33 

20 

•10 lead 


^Instantaneous symmetrical r. m, s. value. 
tAs viewed with stroboscope. 


TABUD IV 

NETWOBK SWITCH OPERATION SYNCHRONIZED AT THE LOAD MAY 7-11. 1U2H 


Date 

Time 

Switches 
connected 
to gen. No. 4 

Switches 
connected 
to system 

Switches 
imder manual 
supervision 

Switches 
with operation 
counter 

■Switches 
opened during 
short circuit 

.Swltchos 

showing 

oponlng 

toripio 

6- 8-28 

9:00 p.m. 

208 

441 

53 

402 

2 

0 

6- 9-28 

8:15 p.m. 

u 

it 

53 

a 

0 

n 

5- 9-28 

8:35 p.m. 

a 

tt 

53 

a 

X 

ft 

5- 9-28 

8:57 p.m. 

a 

tt 

53 

tt 

1 

It 

6- 9-28 

9:15 p.m. 

u 

it 

53 

tt 


VP 

r 

5- 9-28 

9:41 p.m. 

ft 

tt 

53 

ft 

O 

4 

O 

U 

5-11-28 

8:20 p.m. 

it 

tt 

50 

tt 

n 

» 

6-11-28 

9:02 p.m. 

it 

tt 

50 

tt 

o 


5-11-28 

9:20 p.m. 

it 

tt 

50 

tt 

2 

XtSi 

17 


^Operations varied from 1 to 8 during the test with an average of 1.6 operations per switch on 20 switches. 


♦•SwitcIwH 
allowing 
uptiraiions on 
oiicratlon counter 

4 


12 
• t 
0 0 
4 ‘ 


Stability 

The test results showed that the generator was very 
stable when synchronized through the low-voltage 
networks, though the capacity of the connected dis¬ 
tribution transformers was less than would be expected 
under normal system planning. No hunting occurred 
and even with the most severe short circuit applied 
just outside the feeder reactors at the generating station 
for 1.8 sec., the stroboscope indicated a maximum shift 
of 40 electrical degrees lead between this machine and 
the remainder of the system. 

Network Switch Operation 

The tests demonstrated that when the system was 
operated so that the maximum kilowatt load imposed 


System Disturbances 

On the networks which were partially supplied by the 
marine under test, the voltage drop on short circuit 
varied from 10 per cent to 34 per cent. It should be 
noted that this drop was much larger than should 
occur in normal operation because in the test, the net¬ 
work capacity was distributed in such a manner as 
to give the equivalent of a two circuit network. In a 
nomal set-up where one machine would carry only a 
third or less of the network capacity, the voltage drop 
would be considerably reduced. 

System Layout for Initial Operation 

These tests demonstrated the stability of the arrange¬ 
ment for any disturbance beyond the feeder reactors 
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and substantiated the general method of analytical 
treatment. 

It was decided to proceed with the layout for operat¬ 
ing the entire system synchronized at the load. As 
there were not sufficient networks to adopt the scheme 
in its entirety, the 4-kv. substation busses were con¬ 
sidered as load points and feeder connections arranged 
so that the coupling between generating bus sections 
was provided through transformation and highly re- 



PlQ. 4 —PEUFOnMANCB CuBVBS OF GbNBRATOB No. 4 AND 
ShokivCircuitbd Pbkdbr. Test of Mat 11, 1928, 9:02 p. m. 


check the calculations and therefore it was decided to 
proceed with operation under this plan and provide 
automatic recording apparatus which would give test 
data under the normal system disturbances from which 
the system behavior under a bus short-circuit condition 
could be predicted. 

Nine element oscillographs were installed at Sherman 
Creek and Hell Gate, arranged for automatic operation. 
The principal measurements are those of phase angles 
between each generating group and a common average 
system load voltage. The internal voltage of each 
machine is at all times available by means of pilot 
generators coupled to the shafts of the main units and 
excited from a separate battery. The average system 
load voltage is obtained from a number of feeders 
through the usual line drop compensators. Various 
other data are recorded to assist in predictions of system 
behavior. 

In planning the system layout for operating synchro¬ 
nized at the load, it became apparent that the ratio of 
feeder capacity to generator capacity should be ap¬ 
proximately the same for all sections; and that any 
substation or network district should be supplied from 
different generating station sections so as to maintain 
diversified feeds under all operating conditions. The 
first feature is desirable, not only for load division, but 
in order that each generating section may carry its 
share of the system wattless kv-a. The second feature 
is obviously necessary for service reliability. Further¬ 
more, the feeder grouping and capacity must be such 
that generating units and also stations may be loaded 
to their economical point. 

The general plan of operating the entire system 
synchronized at the load, contemplated keeping the tie 
feeders between Hell Gate and Sherman Creek open at 
all times. Each of the 13.2-kv. bus sections, four at 
Hell Gate and two at Sherman Creek, would operate as 
separate sources during the peak period. The 7.8-kv. 
bus at Sherman Creek would be split in half and the 
two sections thus formed tied to the 13.2-kv. busses. 
During the light load period. Hell Gate would operate 
in two sections and Sherman Creek as a single bus 
station. It should be realized, however, that these 
operating arrangements are flexible and Hell Gate 
has been operated with various grouping of sections. 
Fig. 5 and Table V show the system arrangement with 
unit No. 8 (160,000 kw.) in operation. When generator 


active ties. This was a departure from the original 
concept, but not from the basic principle, and represents 
an expedient to be utilized only until sufficient network 
capacity is available to complete the entire plan. 

Calculations made on the proposed connections in¬ 
dicated that under the conditions of a bus short circuit 
on one section, all generators, except the one short 
circuited, would remain in synchronism. 

It was not desirable, however, to subject the system 
to a short circuit under this arrangement in order to 


TABLE V 

SYSTEM CONSTANTS 


Bus section 

Generator 

capacity 

kw. 

Ratio generator 
to feeder 
capacity 

'CBeactance tie 
to system 
per cent 

Bhorman Creek NE. 

61,000 

0.525 

30 

Sherman Creek SW.... 

40,800 

0.443 

29 . 

Hell Gate No. 4. 

90,000 

1.250 

50 

Hell Gate No. 6-0. 

160,000 

0.904 

50 

Hell Gate No. 7. 

40,000 

0.556 

50 

Hell Gate No. 8-9. 

50,000 

0.617 

52 


I'liiclados internal reactance of {dl machin es. 
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No. 9 is placed in operation on section 8-9, load for this 
unit will be obtained partly by transferring some feeders 
from other sections, but mainly by new high capacity 
60-cycle feeders and a new frequency changer tie to the 
25-cycle system. 

As Sherman Creek had too much feeder capacity in 
proportion to generator capacity, some of the feeders 
serving the Manhattan and Bronx districts were trans¬ 
ferred to Hell Gate, In addition to the transfers af¬ 
fected by feeder rearrangement, the four Sherman 
Creek-Hell Gate tie feeders were utilized to connect a 
corresponding number of Sherman Creek feeders direct 
to Hell Gate. At each generating station, some re¬ 
arrangement of feeders on the various groups was 


transformers in the remaining station for 13.2 kv. and 
obtain the necessary interleaving with feeders direct 
from Hell Gate. 

While copper ties between bus sections were avoided 
wherever possible, high-tension loop feeders suppl 3 dng 
large customers were continued. As these loops are 
usually fed from substations with reactors at each end 
of the loop, they are highly reactive. Under subsequent 
operation, synchronized at the load, no loop switches 
have opened even though some of the loop relays are 
practically instantaneous and have a low minirmiTn 
current setting. 

The high-tension tie feeders between the Hudson 
Avenue Station of the Brooklyn Hdison Company and 




Pia. 5—ScHEitATic System Connbctions—Stnohbonizbd at the Load 


necessa^ in order to diversify the feeds to any given 
substation or network district under any of the various 
generator groupings. Furthermore, under previous 
operating practise, the incoming feeders were paralleled 
on the 13.2-kv. busses in some substations. No section- 
almng ^tches were available to permit connecting 
f^dera directly to transformer banks and it was de¬ 
eded to permanently sectionaUze the main bus of such 
two of the Manhattan substations were 
OTpphed ^7.8 k7. from a single bus section at Sherman 

Creek. The growtii of network capacity served directly 

at generator voltage has reduced the load of one of 
stations to a value where the station can be 
regarded as a single source. Although the work has 
been deferred, it is planned to rewind some of the 


HeU Gate were continued. As stated in a companion 
Wer, tee unpedance between systems can be much 
than between bus sections of a given system 
and tee reactance value of these ties ai2 per cent based 
on Hu^n Avmue) was found to be weU within limits, 
win lies between Hudson Avenue and 

j “'i *1;® mcrease in load in this district necessi¬ 
tate addifronal feeders from Hudson Avenue. Ac- 
e^ingly plaM wCTe made and work is under way to 
^tain ^chmnpm between Hell Gate and Hudson 
^mue throu^ tee 4-kv. busses of tee Queens sub- 
and tto^ frequency changers connecting 
to tee .mmrnon 25-ecle system of tee aUied companies. 

f ® substation operator leclodng on 
feeders connected to a generating bus section, white by 
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virtue of a bi^ short circuit has disconnected itself from 
the system, is present. Accordingly, neon lamps, ar¬ 
ranged for ‘‘bright light^‘ S 3 mchronizmg have been 
installed in each substation between the potentials of 
the various incoming feeders and that of the 4-kv. bus. 

In order that a unit may be stable under the condition 
of feeder short circuit the ratio of short-circuit current 
to generator full load should not exceed a value tenta¬ 
tively set at 2.6. Table VI shows that the short-circuit 

TABLE VI 


TABLE VII 

DISTRIBUTION OF CURRENT WITH BUS SHORT CIRCUITS 


A—System synchronized at the load 


3 0 short at 
bus 

Instantaneous symmetrical short-circuit current In amperes 

section 

SW 

NE 

No. 4 

No. 6-6 

No. 7 

No. 8-9 

Total 

SW. 

17,600 

3,100 

2,400 

4,100 

1,650 

3,450 

32,200 

NE. 

3,030 

21,300 

5,070 

4,410 

2,100 

5,280 

39,300 

No. 4. 

2,400 

3,100 

28,900 

6,920 

3,260 

6,010 

43,900 

No. 6-6. 

3,740 

4,000 

1 6,170 

41,700 

6,660 

7,900 

70,700 

No. 7. 

1,610 

2,100 

3,220 

7,250 

23,900 

6,430 

43,900 

No. 8-9. 

2,730 

4,000 

3,400 

6,730 

4,260 

48,300 

71,300 


RATIO SHORT-CIRCUIT CURRENT IN FEEDER TO FULL-LOAD 
_ CURRENT OF GENE RATOR ON SECTION 

A—Peaik-Load Condition—She separate generating sections 


Short circuit current 
ratio 


u^enerating section 

Machines In operation 

Normal 

case 

Special 

case 

SW Sherman Creek.... 

NE Sherman Creek.... 

No. 4 Hell G^ate. 

Generators No. 6 and 
No. 6 

Generators No. 4, No. 1 
and No. 2 (or No. 3) 
Generator No. 6 
Generator No. 8 
Genwator No. 7 
Generator No. 9 

3.33 

2.73 

1.4 

1.1 

1.4 

1.14 1 

5 

4.05 

3.45 

2.67 

3.45 

2.6 

No. 6-6 Hell Gate. 

No. 7 Hell Gate. 

No. 8-9 Hell Gate...;.. 


B—Llght^Load Condition—Three separate generating sections 

Generating section 

Machines in operation 

Short circi 
ral 

lit current 
tio 

Normal 

case 

Special 

case 

Sherman Creek. 

No. 6 (or No. 6) and No. 
1 (or No. 2or No. 3) 

No. 8 

No. 9 

3.6 

1.1 

1.14 

6.1 

2.67 

2.6 

No. 4 and No. 6-6 Hell 
Gate. 

No. 7 and No. 8-9 Hell 
Gate. 



current ratios are well within limits for all normal cases 
at Hell Gate. While the limit is exceeded at Sherman 
Creek, operating experience will tell whether the empiri¬ 
cal ratio will require modification. . The special cases 
are for a short circuit on high capacity feeders between 
the feeder reactor and the step-up transformation and 
therefore are not considered serious. 

With a short circuit on one bus section stable opera¬ 
tion is assured if the short-circuit current is divided 
proportionately among the remaining units. The 
division of bus short-circuit current under the present 
operating connections is shown in Table VII. A com¬ 
parison of Parts A and B of this table shows that the 
short-circuit currents drawn from the remainder of the 
system are smaller when ssmehronized at the load, 
and the system disturbance will therefore be materially 
decreased. 

Reduction op Oil Circuit Breaker Duty 

One of the advantages of the proposed arrangement 
was evidenced in the reduction of oil circuit breaker 
duty. Hell Gate Station was originally planned for 
five 60,000-kw., 60-cyele units and the main oil circuit 


B—System synchronized at generating busses 


3 ^diort 
at bus 

Instantaneous symmetrical short 

-circuit current in amperes 

section 

SW 

NE 

No. 4 

No. 5-6 

No. 7 

No. 8-9 

Total 

SW. 

17,600 

8,660 

4,110 

6.290 

3,480 

6,620 

46,700 

NE. 

7,960 

21,300 

4,110 

6,880 

3,780 

7,700 

60,900 

No. 4. 

6,240 

5,830 

23,900 

20.600 

9,360 

17,300 

82.200 

No. 6-6. 

6,860 

8,220 

17,600 

41.700 

17,100 

31,000 

121,600 

No. 7. 

6,610 

6,580 

11,500 

24,600 

23,900 

29,400 

102,600 

No. 8-9. 

6,060 

7,750 

12,300 

26,800 

16,900 

48,300 

116,000 


breakers which were rated at 1,500,000 kv-a. were of 
ample capacity to dear a bus short circuit. 

This initial layout was greatly exceeded, and one of 
the problems introduced by the installation of two 
160,000-kw. turbines to complete the station, was the 
fact that the breakers would be unable to dear a bus 
short circuit which gave a calculated instantaneous 
S3nnmetrical value of 2,900,000 kv-a. 

With the synchronized at the load arrangement, the 
duty on oil dreuit breakers w^as reduced and one of the 
immediate advantages aside from increased reliability, 
was the fact that maximum duty on these oil breakers 
would still be within their rated capacity. A comparison 
of feeder breaker duty before and after synchronizing 
at the load is shown in Table VIII. 


TABLE VIII 


THREE-PHASE SHORT-OIROXHT CURRENT 
Bus Short Circuit—Section 6-6—^Hell Gate 


Time 

Ssmclnonized 
at the load 

Synchronized at 
generating buses 

Instantaneous 

symmetrical 

70,700 

122,000 

Instantaneous 

assymmetrlcal 

124,000 

217,000 

0.05 

86,000 

141,000 

0.10 

i 70,000 

118,000 

0.16 

62,000 

102,000 

0.26 

66,000 

90,000 

0.60 

63,000 

76,000 

1.00 

47,000 

66,000 

2.00 

43,600 

56,000 


With a short circuit on a generating station bus 
section the deanng time of the feeders connected to t.hia 
section will vary due to the division of current in the 
system mesh and to different relay settings. Pig. 6 
shows the dearing time of both the primary and 
secondary line of defense with a short circuit on section 
5-6 at Hell Gate. These curves assume that the values 
of current in the feeders remain constant throughout 
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the entire clearing operation and the actual clearing 
times would therefore be somewhat less. 

Operating Experience 

The proposed system layout contemplated generator 
No. 8 (160,000 kw.) being in service at Hell Grate. 
Since this generator was not available, it was decided 
to proceed with the program with modifications, using 
existing capacity. 

The modified arrangement was placed in operation 
on February 13, 1929, when Hell Gate and Sherman 
Creek Stations were operated ^‘synchronized at the 
load” with Hell Gate connected to the Hudson Avenue 
Station of the Brooklyn Edison Company, through the 
high-tension tie feeders. Tests were made to determine 



Fia. 6—CiiBARiNQ Time op Fault Current in Feeders 
Connecting to System with Three-Phase Short Circuit 
ON Section 6-6 Hell Gate 


the extent to which the system wattless kv-a. could be 
controlled in each of the two generating stations, and 
in general it was noted that wattless control was more 
flexible than under the prior arrangement. 

The following day. Hell Gate Station was separated 
into two sections tied together and with Sherman Creek 
Station, only through the load. The two Hell Gate 
sections were independently tied to Hudson Avenue. 

As the peak load came on, the Hell Gate bus was 
separated into three sections in the same manner. 
On March 21, the Hell Gate bus was divided into 
four sections during peak load: No. 8 generator 
(160,000 kw.) having been placed in service. Shortly 
thereafter Sherman Creek Station was also operated 
in two sections during peak load. 

Previous to the new operating arrangement, Sherman 
Creek, because of its high feeder capacity, was neces¬ 
sarily operated at a lower voltage than Hell Gate to 
prevent wattless kv-a. overloading. With the set-up of 
the new system, however, the wattless kv-a. is more 
easily controlled than formerly. Load may be shifted 


TABLE IX 

SYSTEM DISTURBANCES WITH FAULTS ON FEEDER 7661 


Per cent voltage variation 


Synchronized 

at generating Synchronized 
sta. blisses £tt the load 


Duration of fault. 

Hell Gate dip recorder section No. 7 

(13.2-kv. bus). 

Sherman Greek dip recorder (13.2 

kv. bus). 

Sherman Greek dip recorder (7.8- kv, 

bus). 

147th Street dip recorder (3-kv. 

circuit). 

Elizabeth Street (3-kv. bus). 

45th Street (3-kv. bus).i. 

97th Street (3-kv. bus). 

146th Street (3-kv, bus). 

187th Street (3-kv, bus). 

Hamilton Street, Queens (2,4-kv. 

to neutral). 

Maspeth. Queens (2,4-kv. to neutral) 

Bronx Edison (2.4-kv. feeders). 

Bronx Edison (13.2-kv. loop between 

188th St. & 172nd St.). 

Blackwell’s Island (13.2-kv. bus)... 

Hudson Avenue (26.4-kv. bus). 

Brooklyn Edison—66th Street (6.8- 
kv, bus). 


1.67 sec. 
40 

15 

23 

24 

No record 
8.5 
8.5 

16 
11 

5 

26 

26 

23 

46 

18 

Over 21 


2.1 sec. 


15 


3.5 


4 

No record 

6.5 

7.5 

6.5 
6.5 
6 

5 
23 
10 

6 
23 

6 

6 


Average. 


20.7 


9.0 


from one section to another by the turbine throttle, 
up to the point where a feeder becomes overloaded; 
after which further load shift must he affected by 
switching banks from one feeder to another, at the 
substation. 

While the main synchronizing path is at present 
through the 4-kv. substation busses, a number of generat¬ 
ing station feeders connect directly to the network. 
No difficulty has been experienced with the network 
switches which are of the sensitive reverse power type. 

The voltage of the system is considerably less affected 
by feeder short circuits under the new arrangement. 
The disturbances caused by faults on a high capacity 
feeder showed an average voltage drop of 9 per cent 
synchronized at the load compared with 20.7 per cent 
with the previous connections. 

All generating units have operated in a steady manner 
both with normal loading and under a number of system 
disturbances. Records from the automatic oscillo¬ 
graphs recently installed will give quantitative informa¬ 
tion as to system performance. 

Test results have verified the calculations, and operat¬ 
ing experience thus far has substantiated the predicted 
advantages of a system synchronized at the load. 


Discussion 

G. R. Milne: As the new system “synchronized at the load” 
has been in operation over four months, a summary of tho operat¬ 
ing experience to date should be of interest. 

During the synchronized-at-the-load period there have been 
70 feeder faults causing a voltage dip on a generating bus section 
varying in magnitude up to 33 per cent, but averaging only 2.5 
per cent. The voltage at the load is considerably less affected 
t.hfl.n with the previous arrangement. Comparison of voltage 
disturbances at two of the Manhattan substations covering a 
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thirteen-month period preceding and the four-month period 
subsequent to the start of operations, showed that the dip was 
reduced 50 per cent. 

While most of the paralleling is at present done on the 4-kv. 
busses, there are in Manhattan alone 321 network switches on 
generating-station 13.2 kv. feeders connecting directly to net¬ 
works. No trouble is experienced with these switches which are 
of the sensitive reverse-power type provided they are equipped 
with the standard phasing relay . 

Of the 70 feeder faults some were of insuMcient magnitude to 
operate the automatic oscillographs; a total of 46 records has 
been obtained to date. The largest generator oscillation recorded 
to date was obtained when a fault occurred on a 12,000 kv-a., 
13.2-kv. feeder connected to the N. E. section at Sherman Creek. 
Generator No. 4 swung a maximum of 8 degrees from its normal 
position. 

In addition to the above feeder faults a phase-to-neutral fault 
which is worthy of attention occurred on Section No. 7 at Hell 
Gate on June 21 at 6:45 p. m. At the time of the fault—an 
insulator flashover—^Hell Gate was operating in three sections, 
section No. 4 with a 50,000-kw. unit, sections Nos. 5, 6, and 9 
with a 160,000-lcw. unit, and section No. 7 with a 40,000-kw. and 
a 50,1)00-^. unit, and a 35,000-kw. frequency changer. The 
operator connected a section of a reserve bus to section No. 7, 
the fault developing immediately on the reserve bus. The fault 
was cleared by the operator after 10 seconds. Only one of 12 
feeders connected to the section opened at the substation end, 
and two switches on high-tension customer loops opened but with 
no outage. 

The maximum oscillation of the generators on section No. 7 
was 2.5 degrees from their normal position, the oscillation of the 
generator on section No. 4 being 3 degrees from its normal 
position. Sherman Creek at the time of this fault was operat¬ 
ing as a single bus station and the oscillation of the generators 
was negligible. The line-to-line voltage was reduced 27.5 per 
cent on section No. 7 at Hell Gate but only 4.2 per cent on the 
remaining sections. As the fault was line-to-neutral the cor¬ 
responding voltage was probably reduced 58.5 per cent. The 
voltage at the load was affected only to the extent of 8.7 per 
cent. 

E. E. Ghilber^: Several months ago the company with which 
I am associated was asked to investigate the stability of the sys¬ 
tem arrangement described in the present papers. The results 
of these studies have provided an independent check on the 
studies made by Mr. Griscom. In general, the conclusions 
arrived at and methods of study were practically the same as in 
Mr. Griscom’s work. One difference arose from the fact that in 
the case of the bus fault Mr. Griscom apparently did not investi¬ 
gate the phenomena occurring after the fault is cleared. Our 
calculations showed that the most severe oscillation would occur 
after the clearing of a three-phase bus fault and that on this 
account such a fault would be more dangerous than a feeder 
fault. 

Another difference was that Mr. Griscom did not consider the 
effect of the synchronous-induction frequency changers. Our 
calculations were made both including and excluding their effect. 
Curves A and C of Pig. 1 herewith show the decrement in system 
voltage for the oases of zero and three frequency changers. Evi¬ 
dently these frequency changers greatly improve the voltage 
conditions during disturbances. This is due to the special 
characteristics of these machines which are equivalent to a direct 
transformer tie between the two systems. Were frequency 
changers of the synchronous-synchronous type employed their 
effect on system voltage would be much less. Curve B of Pig. 1 
shows the calculated decrement for three frequency changers 
of this type. 

These differences, however, did not change tha final conclusion 
that the system should operate with stability through all nnrTnj jl 
disturbances. 

In addition to studying the characteristics of the particular 


system in question, Mr. Griscom has given tentative design 
constants for any system which is laid out in this way. While 
this part of the paper undoubtedly represents a valuable effort 
to facihtate future system layout, we do not believe that it should 
be accepted too literally, since whether or not any particular 
degree of synchronizing ability or amoimt of short-circuit current 
is acceptable or not depends not only on the expected duration of 



Pig. 1—CalcuiiAted Effect of Prbquenct Chakoebs 
ON System Load Voltage fob a Three-Phase Generator 
Bus Short Circuit 

Ourve A Without frequency changers between systems 

B With three synchronous synchronous frequency changers 
O With three induction type frequency changers 

faults, but also on the generator short-circuit ratios employed. 

In the body of the paper Mr. Griscom states that high short- 
circuit ratios are not required. While this is probably true in 
some cases, it should be borne in mind that the use of generators 
with low short-circuit ratio necessarily tends to reduce the avail¬ 
able margin of stability and, therefore, calls for special care in 
the choice of system layout. 

It may be worth while to call attention to the fact that the 
authors have confined their studies to generators with single 
windings. The development of generators with double windings 
has made possible alternative system arrangements. These are 
illustrated in Pig. 2c and 2d in contrast to the arrangements dis¬ 
cussed in the paper which corresponds to Pig. 2a and 2b. It may 
be seen that apparently the double-winding type of ring bus is a 
sort of compromise between the pure ring bus of Pig. 2a and the 
pure synchronizing-at-the-load arrangement of Pig. 2b, while 
the double-winding synchronizing-at-the-load arrangement might 
be considered as an extension of the synchronizing-at-the-load 
principle. 





An important point in connection with the use of double¬ 
winding machines is the possibihty which they offer of riding 
through bus faults with stability and without the necessity of 
dropping off any generators. 

This possibility was investigated by calculation. To simplify 
the calculation equal generators and symmetrical feeder arrange¬ 
ments were assumed. On this account it follows from considera¬ 
tions of symmetry that with a bus fault, generators located 
symmetrically with respect to the fault will move as a unit. .This 
means that only three angle-time curves need be calculated. 
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Pig. 3 shows the result of these calculations in the case of the 
ring-bus arrangement. It "will be noted that the angular dis¬ 
placement between generators does not become much greater 
than 10 or 12 degrees. 

Pig. 4 shows the corresponding results for the synchronized- 
at-the-load arrangement. In this case the maximum displace¬ 
ment angle is around 60 degrees. The greater swing is due to 
the more unequal distribution of the shock due to the fault. 



Pia. 3 —Calculated Swing Curves eor a Three-Phase 
Q-enbbator Bus Short Circuit 

Condition previous to faiilt 

Full load on. A, A\ B, and B' 

Two-tlilrds load on C and C' 


Prom these results it may be seen that with either the ring bus 
or synchronizing-at-the-load arrangement, the use of double 
windings permits operation through bus faults without the loss 
of any generating capacity. 

Ability to operate through bus faults is not, however, the only 
advantage which appears to be offered through the use of double 
windings. This is iLLustrated by Table I which compares the 
single- and double-winding types of machine with respect to, 
(a) breaker duty, (b) transient drop in system voltage, (c) sus- 



ptj-Q, 4 —Calculated Swing Curves for a Three-Phase 
Generator Bus Short Circuit 


tained drop in system voltage, (d) loss of generators, (e) back-up 
fault protection, (f) load transfer, and (g) sensitivity to feeder 
faults. By reference to the table it may be seen that in the case 
of the ring-bus arrangement the only disadvantage in the use of 
double-winding generators is increased difficulty of load transfer, 
while definite advantages are shown with respect to breaker duty, 
transient and sustained drop in system voltage, loss of generators, 
and back-up fault protection. 


TABLE I 



Ring bus 

Synchroi 
the 1 

lized at 
oad 


Single- 

Double- 

Single- 

Double- 


winding 

winding 

winding 

winding 


generator 

generator 

generator 

generator 

Breaker duty. 

High 

Intermediate 

Low 

Very low 

Sudden drop in system 
voltage. 

High 

Intermediate 

Low 

Very low 

Susxalned drop in sys- 
tern voltage. 

High 

Low 

Pigh 

Low 

Lose generators ?. 

Yes 

No 

Yes 

No 

Back-up fault protec- 
tion. 

DifBcult 

Intermediate 

Easy 

Easy 

Load transfer. 

Easy 

Intermediate 

Difficult 

Difficult 

Sensitive to feeder 
faults ?. 

No 

No 

Yes 

No 


In the case of the synchronized-at-the-load arrangement, the 
difficulty of load transfer and ease of back-up fault protection 
are equal for the two types of generator, while in all other respects 
the use of double windings is preferable. 

It may, therefore, be concluded that the synohrordzed-a^the- 
load type of system arrangement provides an especially attrac¬ 
tive field for the application of the double-winding principle. 

R. H. Tapscott: The principle of ssmchronizing generating 
stations at the load is far-reaching. AU systems, however, are 
not adaptable to this scheme of connections. The 25-cyole sys¬ 
tem in New York operates with the feeders radial to the convert¬ 
ers synchronized only by ties between stations. The latest 
unit which will be in operation this fall is a 160,000-kw. double- 
winding unit. It was selected because it economically obtained 
TiigTi reactance between bus sections without increasing reactance 
between the load and the system. Benefits were also indicated 
in limitation of system disturbance and improved stability. 

The comparison of the characteristics of these two types of 
systems just presented is very interesting. The symposium on 
“Synchronized-at-the-Load” has only been applied to existing 
systems. The future effect on design with double windii^ and 
synchronizing at the load will be interestii^, segregation by 
remote synchronizing carried to the equivalent of the still smaller 
units by double or multiple windings or the reverse, the larger 
and more economical capacity units which are coming to all 
systems subdivided electrically by their windings into units com¬ 
parable to today’s units. This ultimate isolation will increase 
the reliability and improve economies by reducing the size of . the 
spare unit which will be required in operation. 

In selecting the double-winding unit for our 25-oyole system, 
we have found that we could simplify and also obtain economies 
in station design by the omission of bus-tie reactors, by oil cir¬ 
cuit breakers of smaller rupturing capacity, and by the use of 
fewer circuit breakers due to the omission of the bus reactors. 

The low-tension network system as developed takes advantage 
of good regulation. If we can do anything with the high-tension 
feeders to improve regulation, we have improved the network 
system. With synchronizing at the load. and double-winding 
generators, we can undoubtedly omit feeder reactors even on 
systems of large capacity and accomplish this result. Possibly 
this win require the introduction of an impedance device of some 
type in the neutral, but the usual overvoltage conditions which 
might result from such devices would not be serious with the 
system split up into equivalent small units. 

I understand a double-winding generator has been built pre¬ 
viously but not applied as such. Certainly the independent 
application of synchronizing at the load and of a double-winding 
generator is a significant engineering coincidence. I think we 
have much to expect in the improvement of generating-station 
and system design in the combination of these two schemes. 

E. G. Stones The plan of system operation explained in this 
symposium is clearly a definite step in advance. The advantages 
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that will appeal most strongly to operating engineers are the 
comparatively high degree of isolation of generating sources, and 
the minimizing of voltage disturbances to service that will result 
from insulation failures. 

The desired results are obtained essentially through a system 
of connections by which synchronizing circuits between 
generators are given a relatively high impedance without an 
increase in the impedance of the circuits over which energy flows 
from generator to load. A similar principle has been applied to 
many systems in the treatment of fault currents resulting from 
grounds. In this case a resistance in the neutral of the power 
system produces high impedance in the ground fault circuit, thus 
greatly reducing the disturbances resulting from grounds, but 
does not increase the impedance of the circuits carrsdng load. 

The power system in New York to which this method has been 
applied is inherently favorable to the application of the method. 
It seems evident that the best results will be obtained when the 
transmission feeders delivering power from the generating plants 
have a relatively small capacity in relation to the capacity of the 
generating units, that is, where there is a relatively large number 
of feeders from each generating unit. Under such conditions, 
each generator may be tied into a relatively large number of 
substations, so that the loss of capacity, if a generator fails, is 
widely distributed over the system. Also, if the capacity of a 
feeder is relatively small, the voltage disturbance to the system 
resulting from a short circuit in such a feeder will be relatively 
small. Another favorable element is found in the fact that prac¬ 
tically all of the load is Anally distributed at voltages below 5000 
so that the relatively high impedance of the substation and net¬ 
work transformers is introduced between the generators and the 
points of synchronizing. In the example presented, the load of 
seven generating units is distributed by 80 feeders, equivalent 
to an average of 11 feeders per unit. 

In some of the other metropolitan systems conditions are quite 
different. For example, 75 per cent of the entire system load in 
the Pittsburgh district is supplied over nine 66-kv. overhead 
transmission lines fed by four generating units, and more than 
one-half of the load is delivered to the ultimate consumer at 
22,000 or 11,000 volts. If the “synchronized-at-the-load” 
principle were to be applied to this sytem there would be only 
two transmission lines per generating unit, so that the failure of 
one would cause a relatively heavy distmrbance. With this con¬ 
dition and with such a large proportion of the total load supplied 
at transmission voltages, it would not be possible to introduce 
the high impedance available in New York in the ssmchxonizing 
circuits between generator units. These conditions, it seems to 
us at the present time, will very largely prevent our making use 
of the advantages of the “synohronized-at-the-load” principle 
of system connections. Nevertheless, we are continuing our 
studies to find a way, if possible, by which the advantages of the 
new scheme may be applied to our case. 

At the present time, the Pittsburgh system is set up on the 
power station synchronizing bus principle. Each, of the two 
major power plants is divided into two major sections, the only 
connections between each section being the synchronizing bus 
connecting the two power house sections and the trunk 66-kv. 
transmission lines between corresponding section of the different 
power stations. It will be desirable to increase the number of 
sections set up on this basis as the capacity of the system grows. 
The present arrangement, however, is now working out satis¬ 
factorily and the serious transmission system short circuits that 
have occurred since the present set-up was established, have 
given very little trouble from the standpoint of inconvenience 
to our customers. 

M. T. Crawford: (communicated after adjournment) What 
is the relay practise on feeders terminating at substation busses? 
Is conventional power directional equipment instaUed on the low 
side of transformers at substation bus connections and over¬ 
current equipment on an outgoing feeder where it leaves the 


generating bus section? Where several parallel feeders are from 
the Sherman Creek N. W. section to the 187th Street substation 
is balanced relay protection used and how is reliability safe¬ 
guarded with little or no interleaving in feeder supply to this sub¬ 
station? Is it the practise when off the peak to out out feeders 
suppl 3 dng substations in the same way as feeders direct to 
networks? 




E. S. Fields: (communicated after adjournment) This dis¬ 
cussion of the group of papers on Synchronized at the Load per¬ 
tains to one phase of the subject, that is, segregation of generating 
capacity. The following remarks refer to the system of theUnion 
Gas & Electric Company, Cincinnati, Ohio. 
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Pig. 5 herewith shows a skeleton of the system under the pres¬ 
ent plan of operation, giving the magnitude of short circuit and 
voltage distmrbanoe on the system associated with a short circuit 
on a typical 13.2-kv. substation bus (Oaldey). 

It will be noted that the Hartwell Terminal Substation has all 
the 66-kv. lines terminating on one bus and that the West End 
Generating Station 13.2-kv. bus is operated as a closed ring. We 
have realized for some time two decided operating hazards with 
the present scheme of connections: (1) a short circuit on the 
66-kv. Hartwell bus will affect a great portion of the system load 
outside of the downtown area of Cincinnati and will remove prac¬ 
tically all the load from the Columbia Generating Station, and 
(2) a short circuit on the 13.2-kv. West End Generating Station 
bus will affect the downtown area which embodies the Edison 
System and the low-voltage a-c. network area. 

Pig. 6 shows the scheme of connections which it is proposed 
to use. It will be noted that the proposed connections contem¬ 
plate operation of the Hartwell Terminal 66-kv. bus in two 
sections and the West End Generating Station 13.2 kv. bus also 
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in two sections. With this arrangement the separate generating 
stations and the two sections of West End Generating Station 
will be synchronized through substation.busses. These connec¬ 
tions will result in a considerable redxTction in the operating 
hazards referred to above with reference to the present con¬ 
nections (Pig. 5). 

Pig. 7 shows the reduction that will be obtained in short- 
circuit current on the various station busses due to the change in 
operating connections. The change will result in lower oil- 
cirouit-breaker duties, more localized and less severe voltage 
disturbances, and decided reduction in mechanical stresses 
imposed on bus construction. 

In conclusion I should like to add that we have obtained a 
large part of the inspiration to carry on our work from a study of 
the work represented here by this group of papers on Synchro^ 
nized at the Load. 

R. D. Evans t (communicated after adjournment) These 
papers give for the first time, I believe, a discussion of the 
stability problems of metropolitan power systems. It has been 
commonly held that on such systems there was no stability prob¬ 
lem but only one of reliability of apparatus, lines, cables, and 
station busses. These papers suggest that there is a stability 
problem in so far as faults on station busses are concerned. It 


is indicated by analytical work and tests that systems synchro¬ 
nized at the load can withstand faults on station busses without 
the remainder of the machines going out of synchronism. This 
is a rather new conception and makes desirable the use of the 
broader meaning of stability. 

Synchronizing at the load increases stability, not by increasing 
the normal synchronizing power between machines, but instead 
by limiting the severity of system faults and particTilarly by 
modifying the system layout so that all machines to be kept in 
synchronism are accelerated or decelerated as a unit. In com¬ 
parison with bus-reactor schemes, synchronizing at the load 
decreases the normal synchronizing power, but increases the 
stability of the system, for station bus faults which constitute 
the limiting conditions. This results in a better balanced design 
from the stability standpoint and constitutes one of the attrac¬ 
tive features of synchronizing at the load. 

In Mr. Griscom’s paper attention is called to the fact that 
certain short-circuit tests were made on a machine having a 
short-circuit ratio of 0.76. These tests are of particular interest 
in view of certain published empirical formulas which give the 
desirable short-circuit ratios for machines on metropolitan sys¬ 
tems as between 1.0 and 1.25. During the tests the generator 
was subjected to a short-circuit current of 2.5 times normal, and 
the dmation of the fault was 1.8 sec. The records of the oscilla¬ 
tions show that a longer duration would have been tolerable. 
This severe condition was withstood without instability, even 
though no voltage regulators were used. The principal discrep¬ 
ancy between the tests and the empirical formulas is, in my 
opinion, due to the failure to take into account the voltage sup¬ 
port obtained from the other machines coimeeted to the system. 
These formulas are probably derived principally from considera¬ 
tion of steady-state conditions. Subsequently it has become 
generally recognized that transient conditions are more severe 
than static conditions. Furthermore, the tests were made for a 
system synchronized at the load which is more severe for feeder 
faults than if the system were connected in the more usual way. 
These tests lead to the conclusion that machines of a short-circuit 
ratio less than unity are adequate from the stability standpoint 
on metropolitan systems. 

H. Richter: (communicated after adjournment) Despite 
the greatest ingenuity on the part of system design engineers, 
the extensive research and utmost care in the manufacture of 
apparatus and the most ingenious safeguards by the operating 
staff, it is still a fact that up to the present time the electrical 
systems supplying the most heavily loaded areas of large cities 
have not been entirely proof against serious trouble and 
sometimes partial or complete shutdown. . 

The same cannot be said of the latest type distribution system 
in these areas. It has been proved that with the low-voltage a-c. 
network system employing automatic network protectors con¬ 
tinuity of service can be preserved if proper yet simple 
precautions are taken. This statement is based on the experience 
started on Mr. Kehoe’s system over seven years ago and now be¬ 
ing gradually extended to the majority of the larger cities. 

It appears that the method outlined in these three papers opens 
up one possibility of perfect continuity from the major sources 
of supply. I believe it is unique in employing a secondary line 
of defense, the automatic network protectors with their back-up 
fuses. The reliability in service of these two devices together 
has been shown to be about 99.9 per cent, which is at least the 
equivalent of station equipment. 

In its resulting improvement of voltage conditions, simplifica¬ 
tion of system, safer operation, and reduced cost, this new method 
also parallels the similar advantages of the automatic network in 
distribution engineering. Another similarity is the facility of 
starting the operation of a system synchronized at the load with¬ 
out difficulty, just as a secondary network may be commenced 
without scrapping the apparatus of existing systeins of other 
types. 














October 1929 


SYMPOSIUM: SYNCHRONIZED AT THE LOAD 


1105 


The low-voltage network has made possible a greater use of 
diversity between loads on feeders than ever before. Synehro- 
nized-at-the-load operation wrill permit this use to be even further 
extended, due to the feeders from several generating stations 
being interleaved and picking up load as they pass through the 
different sections of the city. 

Inasmuch as the most favorable distribution system for use 
with operating synchronized-at-the-load is the low-voltage auto¬ 
matic network, it is conceivable that where this method of 
operation is contemplated it will constitute one more reason for 
developing the network system as quickly as possible. 

P. C. Hankers (communicated after adjournment) Power- 
system engineering has received increasing consideration during 
the past several years and engineers have been intensely inter¬ 
ested in developments that will maintain the necessary standard 
of service at lower cost. Metropolitan customers have been edu¬ 
cated to expect the greatest reliability of the power supply. The 
three-wire d-c. system with its supporting battery adjacent to 
the load gave a continuity difScult to equalize. The a-c. low- 
voltage network portion of the system, introduced several years 
ago, has proved its reliability equal to the corresponding d-c. 
network. For further improvement of the complete a-c. system 
it became necessary to develop a design that would eliminate 
the hazard of interruption of the supply to the network. 

Design, whether of apparatus or of systems, is always a com¬ 
promise of what in many cases constitutes conflicting factors. 
The best performance is obtained when the balance of these 




SYNCHRONIZCO AT GENERATOR BUS SYNCHRONIZED AT LOAD 

Pig. 8—Reactance between Generating Units Based 
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conflicting factors is secured. In the system layout described in 
the symposium a much better balance has been obtained in the 
many conflicting factors. The orthodox layout undoubtedly 
has a larger factor of safety when individual feeder disturbances 
are considered. It was vulnerable, however, to bus disturbances. 
In the “synchronized-at-tho-load” layout the margin of stability 
for feeder faults has been materially improved. This is shown 
very clearly by the accompanying Pig. 8, where the reactances 
from generator busses to equivalent star point seem to be much 
increased by opening the station and station ties. In this way a 
system has been obtained that can successfully ride through dis¬ 
turbances including bus faults without interrupting service 
to consumers. 

There has been a great deal of analytical work done on system 
characteristics during recent years, but this has been handicapped 
by the lack of specific records of operation. In the past these 
records have of necessity been of the statistical type that have 
unfortunately left many gaps in the complete story of system 
performance. The operation of a power system during faults is 
a complicated phenomenon, influenced as it is by all of the electro¬ 
mechanical factors that are involved in system layouts. In the 
symposium the section by Messrs. Searing and Milne gives 
records of the operation when synchronized at the load that will 
be invaluable in definitely analyzing the performance of the sys¬ 
tem when it is expanded to the ultimate. Oscillographic records 
have been made possible by recent developments in this type of 
equipment and their importance in studying system operation 
is becoming rapidly recognized. Therefore, the limitations of 


this type of recording apparatus has made it necessary to simu¬ 
late actual systems by shop and laboratory set-ups. Un¬ 
fortunately, all factors of the actual system cannot be duplicated 
with full accuracy and this has necessitated assumptions that 
have at times oast doubt on the accuracy of the conclusions. It 
is to be hoped that similar comparative data will be secured on 
other types of systems so that accurate comparisons of operating 
performance can be made. 

C. M. Gilt: (communicated after adjournment) Since 
childhood, we have become accustomed to contradictory advice 
and typical of the differences in the warnings are “Don’t put all 
of your eggs in one basket,’’ and the opposite, “Put all of your 
eggs in one basket but don’t take your eyes off that basket.’’ 
One thought is based upon the expectation that we may drop one 
basket but not both, while the other believes that by putting all 
of our attention on one basket we can avoid dropping it. To 
some extent, generating stations and distribution systems have 
apparently been designed according to both recommendations. 

While there is no doubt that some of our designs of electrical 
systems have decreased reliability, as well as increased costs, by 
too great diversification and complexity, yet I believe most of us 
will agree that we have not yet been able to design a station that 
can be operated without some time “dropping tlie basket’’ even 
with undivided attention. It has therefore seemed the part of 
wisdom, as well as of necessity because of the limitations in oil 
circuit breakers, so to sectionalize the busses of large, important 
stations that all the eggs are not dropped at once. 

Our real purpose, which would appear to have been lost sight 
of at times, is not to keep our generating station busses going but 
to keep power flowing to every customer with as little likelihood 
of an outage, and particularly a long one, as is economically 
possible. The scheme outlined in the papers on ^Synchronized 
at the Load, recognizes that no bus section and no feeder can be 
kept free from all outages and carries the diversity of supply from 
the generator to the low voltage network or substation low volt¬ 
age busses where substations exist with radial feed from them. 
The method outlined is most completely applicable to metropoli¬ 
tan areas with generating stations placed in or near a territory of 
fairly uniformly distributed load; and to a loss extent, where 
generating sources are separated from a concentrated load. The 
development and operation of the scheme wdU be watched with 
a great deal of interest. 

In 1922, when the plans for the new 60-cycle system of Brook¬ 
lyn wore formulated, the fundamental importance of diversity 
from generator to load was recognized, and in 1923 and 1924 when 
the system began to take form, a similar scheme was installed 
except that the generating-station busses were tied together 
through stiff reactors and a synchronizing bus in addition to the 
4000-volt substation busses and later the low-voltage network. 
The substation 4000-volt busses were sectionalized and tied 
together through 10 per cent reactors and a synchronizing bus 
which is fed from a spare transformer supplied from a cable ring 
connecting together various substations. Each feeder bus is 
supplied by its own transformer and cable from a section of the 
generating-station busses, no two feeders to any substation 
coming from the same generating-station section. Ties between 
generating stations were made at intervening substations, in 
some cases at the high-tension side of the substation transformers, 
and in some oases only on the secondary side, so that load was 
transferred between stations by shifting the substation load from 
one generating station to the other. 

It is expected that when Hudson Avenue Station is complete, 
no feeders to any substation -will be supplied from adjacent 
generating-station sections. Complete diversification therefore 
is obtained from generators to substation busses and any 
generator, generating-station bus, or feeder can be lost without 
affecting the supply to any customer. 

During the early stages of the station, and during the periods 
of light load, the synchronizing bus has been of real advantage 
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as a means of transfer of energy from one feeder bus to another, 
making possible the most economical loading of turbines -without 
tying together of feeder group sections. It also furnished a back¬ 
up supply to each generator that was of particular value when 
the substations were fed by only two or three feeders, and added 
synchronizing power when the ties through the load were com¬ 
paratively weak. As the system gro-ws and the relative size of 
the bus sections decreases, the value of the synchronizing bus 
decreases somewhat and it must be admitted does increase the 
interrupting duty on the circuit breakers to some extent. How¬ 
ever, it has some advantages, partly associated -with its use to 
transfer power between bus sections making possible the maxi¬ 
mum use of feeder copper cross-section and the division of load 
between generating units and boilers in the most economical 
manner, and partly as a back-up somce of power for each genera¬ 
tor. During periods of light load, it permits the reduction in the 
number of units to a small number -without tying together the 
feeder bus sections and the consequent increase in the extent of 
any bus distiurbance should one take place at such a time. 

When the number or size of units exceeds the most extravagant 
expectations for which the engineers planned, as usually proves 
to be the case, the synchronizing bus itself may be sectionalized 
so as to reduce short-circuit duty. 

The addition of the next unit at the Hudson Avenue Generat¬ 
ing Station -will make this necessary and we -wiU either split the 
synchronizing bus into three or more sections tied toge-ther 
through bus reactors or operate it in two or more distinct sections 
synchronized through the load whenever the capacity on the bus 
exceeds about 350,000 kw. or pro-vide the remaining units -with 
double-winding auto-transformers -with each -winding connected 
to a separate feeder bus section and through reactors to different 
sections of the synchronizing bus. The synchronizing bus would 
then be operated in two sections synchronized through the sec¬ 
ondaries of the generator auto-transformers and the load. While 
datii are not yet complete on which a final decision can be made, 
the last two methods appear to be the most advantageous -with 
the double--winding transformers scheme offering some advan¬ 
tages in stability in case of bus short circuit, though requiring 
a little more care in the distribution of feeder loads to avoid 
affecting bus voltages and in this particular case -with the size of 
units under consideration, very slightly increasing the station 
cost. However, any material increase in the size of units would 
make the double-winding transformer a relatively less expensive 
installation. 

The papers presented outline a very interesting application of 
the principle of diversity and separation of supply to the 
customer. In the type of community and load served, this has 
apparently been accomplished -without increase in investment, 
and further has permitted a station to grow far beyond the 
original plans -without an expensive change in oil circuit breakers. 

S. B. Griscomx It is gratifying to note that the work done 
by Mr. Chilberg gave results practically the same as those pre¬ 
sented in the papers. 

Mr. Chilberg is correct in his statement that, in general, the 
most severe oscillation would occur after the clearing of a three- 
phase bus fault but this does not necessarily mean that the system 
is more likely to go out of step after the fault than during the 
fault. Because of the S 3 nnmetry, the angular oscillations during 
a bus fault may be considerably less than the angular oscillations 
during a feeder fault, but the other system manifestations such 
as voltage drops would be much more severe. 

The. curves which Mr. Chilberg shows as illustra-ting the effect 
of induction frequency changers are likely to be misleading. 
They show that, folio-wing a short circuit, the load voltage gradu¬ 
ally decreases if s 3 mehronous frequency changer sets are used, 
and gradually increases if induction frequency changer sets are 
used. This result is undoubtedly based on the loss of one generat¬ 
ing unit and the assumption that the excitation on the remaining 


units is not increased. To a certain extent such an assumption 
might be justified since voltage regulators are not now in use on 
the systems in question. However, the inferred conclusion seems 
to be rather far fetched when it is considered that voltage regu¬ 
lators on the generating units will accomplish the same results; 
in fact, they -will bring the voltage up to 100 per cent instead of 
93 per cent for the induction frequency-changer set. The funda¬ 
mental plan of operation calls for the use of suffteient spare 
capacity to permit the loss of the largest generating unit, which 
means that there would be sufficient capacity to take care of the 
wattless kv-a. demands even if a unit is lost during a bus short 
circuit. It is expected that no serious difficulty -wiU be 
encountered -without the use of voltage regulators, but if ex¬ 
perience should show that the voltage should tend to settle to too 
low a value following the loss of a unit and could not be recovered 
quickly enough by the station operators, it would seem that the 
use of automatic voltage regulators would be a much more 
economical method of accomplishing the desired results. Where 
frequency changers are necessary for load transfer, the synchro- 
nous-S3nichronous frequency changer set has a distinct advantage 
in its ability to generate wattless kv-a., and in the fact that the 
two systems which it interconnects for power fiow are still left 
independent as far as wattless power flow is concerned, thus 
minimizing the refiection of voltage disturbances from one 
system to the other. 

The tentative design constants were based upon the general 
scheme of connection of the system of the United Electric Light 
and Power Company -with standard equipment. Specifically, 
they assume that feeder reactors -wiU be used and that the gener¬ 
ator have normal short-circuit ratio and reactance. Further, 
relatively long relay settings for feeders from generator busses 
are used. The design constants were for the purpose of making 
a ready check of whether contemplated additions would be 
satisfactory. As such, they require no apology. Experience 
with actual operation may later indicate that they can be modi¬ 
fied, and will probably show them to be conservative. 

Referring to Mr. Chilberg’s comments on short-circuit ratio, 
it should be noted that practically all of the generators on the 
United Electric Light and Power Company’s system were pur¬ 
chased before any thought was given to stability or short-circuit 
ratio. Naturally, any new scheme of operation should be able 
to use these generators, preferably without placing restrictions 
on other features of system design. Both calculations and tests 
indicated that operation of the existing equipment synchronized 
at the load could be accomplished -without compromise or special 
care in the place of system layout. Such being the case, why 
should generators of higher short-circuit ratio be used? If the 
system is safe for both feeder and bus short circuits, of what use 
is an increase in margin of stability? One might equally well 
ajgue that any structure in use today should be strengHiened 
because strengthening -will give a greater margin, even if years of 
experience had already demonstrated its safety. On the other 
hand, higher short-circuit ratio machines mean higher cost and 
lower efl&cienoy. Further, if it is really felt that additional margin 
is required, it can be obtained by using voltage regulators, the 
first degree being to use a slow-speed system and the next degree 
a quick-response system. The cost and reduction in efficiency 
would be negligible compared to raising the short-circuit ratio. 

Our studies were not confined to single-winding generators, 
but since the fundamental plan of synchronizing at the load was 
the prime question, only those phases dealing directly with the 
fundamental plan were covered in the paper. The scheme shown 
as 2 d in Mr. Chilberg’s discussion would appear to be the most 
satisfactory method of connecting the double--winding generators 
into circuit. While the use of a double-winding generator may 
prevent the generator from p ulling out of step during a brief bus 
short circuit, nevertheless one source of power supply—^the short- 
circuited bus—^s lost. Furthermore, -the use of double-winding 
generators does not necessarily reduce the required amount of 
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spare capacity since trouble on the steam end may necessitate 
the removal of the whole double-winding generator. 

Mr. Tapscott mentions the possibility of omitting feeder 
reactors in the future by the adoption of the synchronized-at-the- 
load and ^e double-winding generator principles. The possibili¬ 
ties of doing this seem to be very good, even without the use of 
neutral impedances, provided that the time required to clear 
short circuits can be reduced. In fact, it appears that if the short 
circuit can be cleared within 0.4 or 0.6 second, three-phase short 
circuits can be satisfactorily tahen care of using single-winding 
generators. This would, of course, result in larger voltage dis¬ 
turbances than would be the ease if feeder reactors were used. 

A. H. Kehoe: It is gratifying to find, in the discussion, 
general agreement with our conclusions that connecting the’New 
York 60-oycle system so it is only “synchronized at the load” has 
increased the reliability of generating sources, lowered circuit 
breaker interrupting duties, reduced service voltage disturbances, 
and simplified the control of system loads. 

Crawford of Seattle has asked about the rela 3 dng of certain 
of the substation circuits shown in the paper by Mr. Searing and 
Mr. Milne. This is accomplished as follows: 

1. Conventional reverse power directional relays are used at 
the substation. 


2. Balanced relays could be used, but standard over-current 
relays are used on outgoing generating station feeders. 

3. The reliability of 187th Street Substation is not safe¬ 
guarded for generating-station faults. However, the service 
supplied by this substation is safeguarded by feeds directly to 
the networks from other station sections; that is, the intwleaving 
is done at the networks and not at the substation in this instance. 

4. On off-peak loads, substation transformer banka are elimi¬ 
nated, but feeders remain alive from the generating station to 
substation 

In conclusion, I wish to emphasize that the “synchronized at 
the load’' arrangement embodies a new principle of system design 
which may be combined with one or more of other well-recognized 
fundamental plan elements, such as isolated phases, quick-acting 
circuit breakers, or double-winding generators. Its use does not 
exclude the others, although it may in some cases make them 
unnecessary. Adequate system design requires a careful balanc- 
■ ng of all such factors. 

It is my hope that among those who have discussed the sym¬ 
posium papers or the many others interested in system design, 
there will be some who wiU make trial installations of promising 
system designs, in order that the electrical industry may profit 
by the improvements which are likely to be obtained in this field. 



Automatic Transformer Substations 

Of the Edison Electric Illuminating Company of Boston 

BY WILLIAM W. EDSON- 

Member. A. I. E. E. 


Synopsis.—The Edison Electric Illuminating Company of 
Boston has adopted a policy of numerous relatively small automatic 
orc. substations located at the various individual load centers, this 
policy being enhanced by the development of a new method of automatic 
control and by the standardization of the station design. 

The rating of a substation is based on the sum of three specially 
designed transformers each having an inherent 60 per cent overload 
capacity. Thus, the maximum load is normally carried by the three 
units operating at their nominal 100 per cent rating, but in emer¬ 
gencies the load can be handled by two banks, the transformer out of 
service, representing only SS per cent of the station capacity instead 
of 60 per cent as in the usual case. 

The automatic control consists esserUially of load-current relays 
which switch in or out the foUow-up transformers as needed. 
This operating point for maximum station efficiency equals 


aI 


S X core losses per bank 
copper losses 


Serious trouble on any bank will 


bring in the succeeding transformer. Each transformer has its own 


sequence switch so that it may be made leading, follow-up, second 
following, or manual, irrespective of the set-up for the remaining 
units. The simplicity of this control equipment is particularly 
interesting; in fact only the current control and one auxiliary relay 
are directly chargeable to the automatic control. The circuits arid 
apparatus have severed special features promoting safety and 
reliability. 

The construction of these stations has been standardized by the 
development of standard "blocks'* complete in themselves and suitable 
for being arranged or added, as desired. Thus,foreachtransformer 
section there are four types of blocks — high-tension, low-terision, 
regulator, and switchboard. Such an arrangement offers the ad¬ 
vantages of complete segregation of equipment, flexibility in station 
layout, efficient provision for growth, standardization of engineering 
and construction, and the satisfactory use of complete bills of material. 

This system of control and standardization of construction has 
been applied to five new automatic transformer substations in the last 
two years, and the results have been very satisfactory. 

* * * . * * 


T he rapid growth and expansion of the electrical 
distribution system of the Edison Electric 
Illuminating Company of Boston has dictated a 
policy of numerous relatively small automatic a-c. 
substations located at the various individual load 
centers. Such an arrangement results in reduced line 
and feeder losses, better voltage regulation, improved 
reliability of service, closer balance between the load 
and the transformer capacity in service, and in a more 
efficient building program for the substations. 

The value of this pplicy was materially enhanced by 
the development of a new method of automatic control 
which was much simpler in both design and operation 
than the previous schemes. In the last two years, the 
adoption of this control, along with the standardization 
of station design, has been applied to five new automatic 
transformer substations and the advantages are quite 
apparent. 

Station Capacities 

The ratings of these stations are based upon an 
ultimate of t^ee units, and vary from 6000 to 15,000 
kv-a. deprading on local requirements, these differences 
being easily met by selection of the number and sizes 
of^ the transformers without detracting from the 
principles of standardization. Closely associated with 
this question of unit sizes is the special design of 
transformers developed some years ago for the Edison 
Company. 

1. Stetion Engineering Dept., Edison Electric Illuminating 
Co. of BosioiX) Boston, Mass. 

Presented at the Summer Convention of the A. I. E. E., 
Swampscott, Mews., June ^4-88, 1929. 


First of all, it is essential that a station be able to 
carry its full load in event of failure of one of the units. 
Formerly this contingency was met by installing the 
three transformers of such size that two at full rating 
could carry the load. This meant that under normal 
conditions one unit (50 per cent of station rating) and 
its switching equipment was out of service, which 
represents an economic loss. 

Under the Edison Company's arrangement this situa¬ 
tion is met by selecting a smaller size, such that all 
three would be used in carrying a full load. At a slight 
additional unit cost these transformers are given 'a 
50 per cent overload capacity by increasing the copper 
and the cooling surface, so that if necessary any two 
could carry the full load without exceeding the normal 
65 deg. cent, temperature rise. Of course the efficiency 
of these units would be reduced somewhat during this 
overload, but as this is an emergency condition the 
loss in kilowatt-hours is negligible. 

Description op Station 

For a 10,000-kv-a. station, for example, there are 
three 3500/6260-kv-a., three-phase, delta-star trans¬ 
formers having their maximum efficiency at 75 per cent 
(probable normal load) of their nominal rating of 3500 
kv-a.; that is, at 2600 kv-a. Each bank has a high- 
tension bus section supplied by two 13,800-volt lines, 
these sections being connected by bus-tie breakers 
normally closed. The bank supplies a main and 
auxiliary bus having six 4000-volt, four-wire ungrounded 
neutral, regulated, automatic reclosing feeders. The 
low-tension bus-tie breakers are normally closed, but 
they trip automatically in case of a feeder fault if all 
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three banks are in service, thereby reducing the ruptur¬ 
ing duty on the feeder oil circuit breaker. 

Only two of these banks, however, are installed 
initially as the station load at first can be carried by 
one bank in an emergency. 

Automatic Transformer Control Design 

In designing the automatic operation of an automatic 
transformer substation the following procedure may be 
followed: (applies equally well to any type of automatic 
control) 



1. The size and number of the various units and the 
one line diagram of the station are first established. 

2. A list of the desired operating features is then 
discussed and agreed upon by the various interested 
departments of the company. Incidently, as for any 
type of automatic equipment, this is the real deciding 
factor leading to successful operation. 

The equipment must be able to perform in general 
the duties of an operator in an accurate, safe, and reliable 
manner, but there is a surprisingly large number of 
requirements which may safely be eliminated. 

3. The third requisite in the designing of an auto¬ 
matic station is the collecting of the individual relay 
circmts into a combined diagram which is simple, 
efficient, and safe. Three items must be kept in mind 
while studying this completed diagram. 

a. Does it meet all of the operating features and 
control requirements? 

b. Are there any short circuits or stray currents 
under any possible combination of relay or switch 
operations? Any amount of time spent on this study 


will be amply repaid when the set goes into operation. 
Even then, actual service will develop unexpected stray 
circuits, but these can be mitigated. 

c. Can the installation be simplified, such as by 
assigning several duties to one relay, collecting various 
circuits to the same set of relay contacts, or by arranging 
the contacts so that the number of wires leading to an 
item of equipment is reduced to a minimum? 

The schematic diagram is essential as each individual 
relay circuit can easily be followed and studied. 

Some form of sequence chart is also of great help as 
it serves as a “slow motion” picture of the status at 
any operating step; that is, it shows the cause and 
result of each operation. 

Operation 

The system developed and adopted by the Edison 
Company performs as follows: 

a. For light-load conditions, one transformer carries 
the load. As the load increases, the other banks cut-in 
automatically as required. The two properties avail¬ 
able to control such operation are the transformer tem¬ 
peratures or the station load. The first is not entirely 
suitable as the temperature usually lags too far behind 
the load, it is not independent of the weather conditions, 
and the present temperature relays are somewhat deli¬ 
cate and difficult to keep in adjustment. 



TRANSrK TRAN8.-B! 

Fia. 2 —Schematic Diagram op Teanspormbr Oontbol 

The second method (station load) offers better results 
as the current relays already developed are quite accurate 
and reliable. Another important advantage is that the 
transformers can be operated nearer the best over-all 
efficient point. For example, these cut-in relays can 
be set at a point where the core and copper losses of one 
transformer equal the total losses of two transformers. 
Expressed mathematically this most efficient point 
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it completes its operation the tripping circuit for the 
Li high-tension breaker is completed and this breaker 
followed in turn by the low-tension breaker. 

M the core or zero load losses of one transformer and A similar set-up would be used to control the third 
L, IS Its full load copper losses.* This point averages bank through a second set of cut-in and shut-down 

busses. 


to bring in the second bank equals J where 
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Fiq, 3 Seq^bncs Chart—Automatic Staetihg 


approximately 105 per cent of the nominal rating 
(70 per cent of total) for the transformer used, which 
means the banks are always cool and available for 
unusual demands.* Since there is Httle occasion for 
the transformers to be overloaded (which often occurs 
with temperature control) the voltage regulation is 
materially improved. 

The relays used for this control (one in each phase) 
are the G. E. Type lA, the overload contacts being 
connected in parallel and the underload, or back con¬ 
tacts, being in series. The latter operate at about 90 
per cent of the cut-in value. An auxiliary timiTigr 
relay, Type PQ set for two minutes is used to prevent 
too frequent operation on a surging load and to reduce 
the wear on the contacts of the current relays. 

In c^e of overload the cut-in bus is energized, which 
will bring in any bank or banks whose preference switch 
IS connected to this bus. The auxiliary closing con¬ 
tactor is energized and the high-tension oil circuit 
breaker closes, which in turn sets up the closing circuit 
for the low-t^on breaker. It will be noticed that 
when the cut-in bus was energized the protective timiTig 
may No. 48 bepn to close. By the time it completes 
ite stroke, the high- and low-tension breakers should be 
closed but if not, or if one drops out due to latch trouble, 

a tnppmg circuit is set up and the transformer is locked 
out. 


b. The question of safety and reliability assumes 
special importance in a non-attendant station. These 
are met in the Edison system by providing each trans¬ 
former with differential protection relays, excess over¬ 
load relays, maximum oil temperature relays and an 
over-all checking relay to insure that the circuit breakers 
do not drop open or pump. Any of these faults operates 
the lock-out relay No. 30 and trips both breakers. 

There are also several inherent features of design 
which promote safety; such as, only one polarity is 
taken to the circuit breaker auxiliary switches or to the 
relay contacts, all relay coils are for continuous duty, 
no contacts are subjected to unsafe carrying or breaking 
currents, interlocks are included to make the high- 
tension breaker close or open before the low-tension 
breaker,^ thereby reducing high-tension voltage stresses, 
the v^ous circuits are arranged so that improper 
operation of set-up or manual control switches Cannot 
do any harm, and the number of relays is reduced to a 
minimum. 

c. A second operating requirement calls for the 



Pig. 4—^Plan of Humboldt Avbnub Station 


transfer of load to another transformer in case one of 
the banks is in trouble. This is accomplished by ener¬ 
gizing one of the above mentioned cut-in busses by means 
of the transformer lock-out relay. Here again time is 
introduced (approximately 30 sec.) before the alternate 
bank r^tores the system for the same reasons that 
timing is used on the automatic reclosing‘breakers on 
the low-tension circuits. 


When the station load decreases the shut-down bus is 
^er^ed. At the same time the cut-in bus is deener- 
gized which allows No. 48 timing relay to open. When 
2. See Appendix. 


Lock-out relay No. 30 removes potential from relay 
No. 48 which ^ter a time delay drops open. This 
completes the circuit through the preference switch to 
energize the cut-in bus which will bring in the next 
transformer in a similar manner as above. 
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d. Full selectivity is provided by giving each trans¬ 
former its own sequence switch so that any bank may 
be made first, leading; second, follow-up; third, alter¬ 
nate; fourth, out. Manual control switches are con¬ 
nected to this fourth position as a matter of uniformity 
in operation between stations; otherwise they could be 
omitted. It will be noted that any of the transformers 
can be operated independently of the othera. For 
example, one may be und^ manual control and the 
rest automatic, or if desired, two may be set up to 
operate in parallel as a group, thereby perriiitting two 
smaller banks to operate as a unit and reducing the 
number of operating cycles. 


1. A high-tension block for the two incoming lines, 
the 13,800-volt bus and its tie breaker, and the trans¬ 
former high-tension breaker. 

2. A low-tension block for the transformer low- 
tension breaker, the main and transfer busses with their 
breakers and disconnects, and the 4000-volt feeders. 

3. A regulator block for the feeder induction voltage 
regulators. The battery motor-generator set and the 
station power and lighting transformers are located 
in the space opposite the bus-tie cell. 

4. A switchboard block for the control switchboard, 
battery room, toilet, and the constant current lighting 
transformers if used. 
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Fia. 5 —Cross-Section op Humboldt Avenue Station 


Miscellaneous Automatic Features 

The manufacture’s method of automatically re¬ 
closing feeder circuit breakes has been revised some¬ 
what to include the safety features and simplicity 
referred to above. 

The battery charging motor-geneator normally 
floats on the control battery, but it will shut down in 
case of certain faults and will restart when conditions 
become normal. 

A signal is sent over leased telephone wires to the 
nearest manually controlled station to indicate the 
opening of any line or feeder circuit breaker, the lock¬ 
out of any transformer, or a ground on the 4000-volt 
system. This latter indication is accomplished by 
means of a CV voltage relay connected between the 
system neutral and ground. 

Station Design 

The construction of these automatic substations has 
been standardized as far as practicable. The basic 
feature which permits this standardization of con¬ 
struction is that the station is divided into *1)100153,” 
complete in themselves and suitable for being arranged 
or added as desired. 

For each transformer section there are four such 
blocks: 


Advantages of the Block Design 

a. Complete segregation, the blocks themselves 
forming natural fireproof subdivisions. 

b. Flexibility in arrangement to meet land or 
neighborhood conditions. 

c. Efficient provision for the growth of the station 
by the addition of blocks as needed. 

d. Standardization of construction, resulting in 
the simplification of the preliminary load, land and cost 
estimates as similar information from previous stations 
is at hand, the betterment of the price and delivery for 
the purchase of the equipment due to duplication of 
former orders, and the decrease in the time and cost 
of the design installation and operation of the station. 
Incidently, it is an advantage to know in advance that 
the completed station and its operation will be satis¬ 
factory to the various departments concerned as the 
individual standards have already been tried in service 
and approved. 

e. Satisfactory use of an itemized bill of material, 
this list being grouped in accordance with the station 
blocks and giving such information as may be needed 
during the various stages of engineering or construction. 

Miscellaneous Construction Features 

Each high- and low-tension block is divided by an 
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eight-inch concrete fireproof wall so that the oil circuit 
breakers are in one compartment while the busses 
disconnects and instrument transformers are in the 
other. Metal lath and plaster cell walls two inches 
thick separate the equipment per circuit. The regula¬ 
tor room and breaker cells are drained to prevent 
^reading of any possible burning oil. There is no 
reinforcement or other steel work carried over between 
cells. The ground busses are run on insulators 
to prevent fault currents passing through the 
structure. 

The cell wiring is flame-proof varnished cambric 
cable. The high- and low-tension cables running to 
the outdoor transformers have oil-filled potheads to 
prevent leakage of oil from the transformers which are 
of the “industrial” oil pothead entrance type. This 
latter construction eliminates all outdoor structure. 

An individual ventilating fan is provided for each 
compartment so that any room can be quickly cleared 
of smoke or gases after a fire. 

Individual automatic electric heating units with 
circulating fans are installed in each room for general 
heating and for preventing condensation. 

The general illumination is by alternating current, 
but floodlights and certain lighting circuits are on a 
manually operated change-over switch to the battery 
for emergency use. 

Figs. 1, 2, 3,4, and 5 apply to the Humboldt Avenue 
automatic substation but the other four stations follow 
the same general design except for variations in assembly 
of the blocks.” For example, in the Arlington Sub¬ 
station the switchboard and regulator blocks are 
located on the second floor. 

The construction and operation of these stations 
have been very satisfactory and it is expected that this 
type of design will be continued in future stations. 

Appendix 

Light station loads can best be carried by one trans¬ 
former as the core lo^es of two banks would be con¬ 
siderable. As the load increases, however, the copper 
losses become excessive as they vary with the square of 
the load; therefore, a point is soon reached where the 
second transformer should be cut-in. This point to 
give minimum over-all station losses is that at which the 
core and load losses of one transformer equals that of 
two banks, each carrying half the load, thus: 

L, + F‘L,= 2(^U+{~) L,'j 


or - F = 

^ ' Lc 

Where 

Li = zero load or iron loss of one transformer 
' Lc = copper losses at full load 
■ F = ratio of the load to the rating of one 
transformer. 


The point of maximum efficiency of a transformer is 
that at which the iron losses equal the copper losses or 
Li = F2 Lc 

As the average load per transformer may be assumed 
to be at ^ its rating the transformer is ordered to be 
most efficient at this point. 

Then: Li = ^ "I) L^ or Li = 0.5625 L« 


Substituting in the above formula 


F 




2 X 0.5625 Lc 


1.06 


Or 1.06 X 3500 = 3700 kv-a. approximate point 
to cut in the second transformer. 

The transformers as received vary somewhat from 
these ratios; therefore, the cut-in point should be cal¬ 
culated from the test results of the actual losses. 


Discussion 

A. J. A. Peterson: (eommiinieated after adjournment) Mr. 
Edson’s article describes a development which iniglit well bo 
studied for consideration of the resulting improvements in opera¬ 
tion and economy. Automatic transformer substations of the 
kind described have been in service for approximal.oly nine yruii’s, 
and yet the number of such stations in service at the prcwent 
time is surprisingly small. This may be due either to the hick of 
appreciation of the possible advantages of such a station, or to 
the willingness to pay for the core losses of two transformors at 
all times, rather than suffer the remote possibility of a slight 
interruption to service. 

Mr. Edson stresses the need for simplicity. This can cwiually 
well be stressed in any kind of a station, although it sociins (>f 
more value in an automatic or non-attended station on account 
of the absence of constant supervision. In analyzing the pos¬ 
sibility for simplicity, it is sometimes surprising what foatunis 
have been considered desirable, and which may very safely l)o 
omitted. 

The use of a time-delay relay before carrying out the normal 
switching operation is open to discussion, first, boeauso under 
usual conditions, the load cycle is comparatively smootl> and 
does not have many small changes, and second, because the lojwl 
relays which determine the switching point have their own time 
delay. In addition, the interlocking of the back contacts of the 
load relays insures further time delay when units are swihjhed 
out of semee. This performance has been confirmed by several 
years satisfactory operation in several substations. 

The time delay for supervising a switching operation soonus 
0 be primarily to insure that the breakers close in and stay 
latched, as trip-out due to electrical fault conditions is taken 
care of by the use of lockout relays causing the switoh-in of the 
follow-up transformer. Good design and manufacture, followed 
by good maintenance, are the best precautions against latch 
failure. It should be possible, therefore, to assume that the 
breaker will stay closed on the first attempt, unless there is 
electncal trouble, and the control scheme can be simplified to 
permit just one attempt at reclosure, thus guarding entirely 
against any form of pumping. 

Unquestionably, the temperature method of control might 
be desirable from several points of view if it were not for the 
difficulties of determining the proper switch-in and switch-out 
points. As a result, the total station load method seems to be the 



October 1929 


EDSON: AUTOMATIC TRANSFORMER SUBSTATIONS 


1113 


simplest and inost practical method of transformer control, and 
gives the further advantage of permitting operation in accordance 
with the actual transformer economy. It does not, of ooiu’se, 
permit increasing the rating of a transformer during cold weather, 
when this might be necessary without regard to economy. 

Pull selectivity in transformer sequence, that is, the ability 
to locate any transformer anywhere in the sequence, independent 
of the others, may be considered unnecessary. However, it seems 
equally difficult to obtain any form of selectivity and this full 
selectivity will probably bo used until there is developed some 
simpler form, whereby only the initial transformer is changed 
in position and the subsequent or follow-up sequence is the same. 

Mr.*Edsou mentions their revision of the manufacturers’ 
method of automatically reclosing feeder circuit breakers. As the 
manufacturers usually pride themselves on the simplicity of their 
control equipment, we should be interested in knowing what 
changes have been made by Mr. Edson in order to obtain tliis 
simplification. 

The development of the so-called “block” design of these 
transformer stations is extremely interesting in its effect on en¬ 
gineering and construction cost and time. This development 
has Iwen (jarriod still further by the iTtilization of steel cubicles 
or compartments for the oil circuit breakers, busses, control 
panels, etc. Those units have sometimes been mamifacturod 
separatisly, but have been completely assembled and tested in 
themselves so as to reduce the time required for assembly in the 
substation. In other cases, particularly whore smaller oil cir- 
e\iit breakers are used, the complete breaker and switching 
equipmcmt can bo assembled with tho control panel in a single 
unit. 

The clear and simple manner in which the advantages of this 
typo of station have boon presented should lead to further interest 
on this sub.io{it and will undoubtedly result in further d( 3 velop- 
ment along this lino. 

Philip Sporn: (communicated after adjournment) Mr. 
Edson’s pai)er with its stress on standardization is very interest¬ 
ing to me becaitse for years we have been preaching and practising 
standards in the matter of design and construction on electric 
power systems. Properly used and applied standards can reduce 
by substantial amounts the expenditures necessary on an electric 
power system, but there is always a danger that standards be 
made a fetish or be made so rigid and so unresponsive to change 
that after a while the standards merely block new developments. 
When that point is reached, of course, it is time to throw 
away tho standards since at that point instead of being an aid 
to ijrogress the standard becomes a definite hindrance. Put 
more briefly, it is necessary first that the standards be applied 
intelligently, and secondly it is necessary that they be revised 
continually. 

Referring to Mr. Bdson’s paper, there are some questions that 
naturally present themselves upon its reading. First, I note that 


the standard transformer is a combination self-cooled, water- 
cooled transformer. For a number of years now on our distri¬ 
bution systems we have been using a similar combination with 
the exception of the fact that we have substituted air blast for 
water. It seems to me that for the distribution transformer 
which generally carries its peak for a short period of time the air 
blast is far preferable to water and it ought certainly to be prefer¬ 
able in a location having the low temperatures that are en¬ 
countered in Boston. 

I note that Mr. Edson has installed electric heating in each 
of his rooms, which is certainly an excellent idea, but I should 
like to ask why, in a modern substation, advantage is not taken 
of the development of the storage type of heater. I believe that 
proper analysis of the capital value of losses by the use of 
standard heaters will disclose in most instances sufficient justifi¬ 
cation for the storage-type system. It has of course the further 
advantage that for an electric utility it means practising what it 
preaches. If electrical heating is ever going to be anything more 
than a dream, it will certainly have to be done through some 
storage arrangement and not through a system that comes on 
with its demand at a peak period. 

Tho unit room idea is very interesting but it would appear 
that certain drawbacks to the idea are inherent. For example, 
it must bo very difficult so to treat architecturally a flat and 
spreading building of tho typo shown in Figs. 4 and 5 that it wifi, 
add beauty to the landscape surrounding it; in a residential dis¬ 
trict this certainly has to be considered today. It is possible 
too, of course, that such an arrangement would be impossible 
whore land values are high and where such spreading out is 
impossible. 

W. W. Edson: The time-delay features for normal switching 
and for supervision might safely bo omitted as mentioned by 
Mr. Peterson, but they have been included as these relays are 
necessary anyway for other purposes. 

The overload rating of the transformers questioned by Mr. 
Sporn is obtained by having sufficient radiator cooling surface 
and core to allow 150 per cent load to be carried at tho standard 
temperature rise. Those modifications are considerably cheaper 
than the designs calling for water or air-blast cooling. Of course, 
the! efficiency at this overload drops somewhat, but, as exidained 
in the paper, the extra kilowatts lost is not important as this is 
an emergency condition. 

Individual heaters were used for the rooms as they eliminate 
the need for air ducts or steam pipes running between the various 
coll compartments and also remove the possibility of condensa¬ 
tion or water leaks from steam pipes. 

The relatively large area due to this single-story layout is not 
bothersome as these stations are located where the land values 
are not high. 

I wish to thank Mr. Peterson and Mr. Sporn for their dis¬ 
cussions of this paper and am very much interested in the valu¬ 
able points they have added. 



Rehabilitation of Steam Power Plants 

BY C. F. HIRSHFELD* 

Associate. A. I. IC. E. 

Synopsis. Certain pertinent history of the recent devdopment stated. These are followed by brief accounts of the various methods 
in the field of power generation is given in graphic form. The available for rehabilitating plants to different extents. 

^oblem of rehabilitation of steam power plants is shown to arise Finally, it is suggested that the possibility of later rehabilitation 
fromt e great rapidity of this development. While no simple rule be taken into account when designing plants for systems in which 
can be given to indicate when, if at all, rehabilitation is justifiable, history or argument indicate that such action is to be expected, 
certain guiding criteria which may serve as aids in analysis are * it< * « « 


T he exceedingly rapid evolution of the art of gen¬ 
erating electric power is known in a general way 
to all who have more than a casual contact with it. 
However, even those whose daily business consists of 
power generation frequently fail to appreciate the speed 
with which we have advanced or the significance 
thereof. The graphs shown in Figs. 1, 2, 3, 4, 5, and 6 
may serve to visualize the rate of progress. The 
significance of the development, however, cannot be 
shown by such curves. 

In the first five of these fig|ures the areas within which 
representative station practise has fallen are indicated 
by cross hatching and an attempt has been made to 
indicate what might be called conservative practise or 
majority opinion by means of a curve drawn through 
each area. The locations and shapes of these curves 
must be a matter of personal opinion to a certain extent 
and no great degree of accuracy can be claimed for them. 
The curve given in Fig. 6 is similar to one that has 


compensating increase of fixed charges. Unfortuntitely, 
experience is not yet sufficiently extensive to make 
possible a complete analysis. One can only reason 
from the reports of the few who have actually built and 
operated the thermally efficient plants. On such a 
basis they seem to be justified under certain conditions, 
at least. 

The curve of Fig. 7 shows values to which little at¬ 
tention has been given in the literature of this subject. 
The increasing output per man hour is in line with the 
general movement throughout the industrial world. 
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1—^Incbbasb in Steam Pressures 

Sliaded areas indicate approadmate limits of central station practise 

appeared in print several times within the past few 
years. It represents a remarkable procession in the 
direction of lower thermal costs. But it appears to 
be approaching the place where further improve¬ 
ment will be much less rapid. The decreased 
thermal consumption is, of course, not self justifying 
because it may have been obtained with more than a 

1. Chief of Research Department, The Detroit Edison Co 
Detroit, Mich. *’ 

Presented at the Summer Convention of the A. I. E. E., Swampscott 
Mass., June 1989. 
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YEAR or INITIAL OPERATION 

PiQ. 2 —Increase in Total .Steam TBMi*i«UATimB 
Shaded area Indicates approximate limits of central station practise 

In this case it is brought about largely through improved 
load factor combined with the use of boilers and tur¬ 
bines of ever increasing capacity per unit. There ha.s 
also been a conscious effort to design station.^ in such a 
way as to facilitate operation and maintenance and 
thus decrease the number of men required. 

•^om the executive s point of view the rapid advance 
indicated in these figures has had two opposing results. 
On the one hand, the total cost of producing power has 
been decreased. On the other hand, the rate of ob¬ 
solescence has been high and invested capital has there¬ 
fore been impaired. The net result of all the forces 
concerned^ has been a gradual but consistent lowering 
of the selling price of power. But the decrease in this 
pnee has naturally not been as great as it would have 
been had it been possible in some magic way to wipe 
out of existence the older and less efficient plants as 
more modem ones became available. 
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The situation from one point of view is shown in 
Fig. 8. The solid line represents the thermal per¬ 
formance for a typical metropolitan system in which 
the rate of growth has been rapid. In drawing the 
line certain liberties have been taken with facts in that 
the effects of variables other than those here under 
consideration have been omitted. The dotted line 


It is self evident that no simple rule can be set as a 
criterion of the advisability of such operations. There 
are too many variables of divergent nature. It is of 
course true that the old simple rule to the effect that in 
the limit an improvement must at least so reduce 
production costs as to balance resultant capital costs 



Fig. 3—Increase in Physical Size op Boiler Units 


shows what the values would have been if at the time 
of each improvement all earlier equipment could have 
been junked and the required capacity obtained with 
equipment similar to that just installed. One of the 
problems of the executive of light and power companies 
is to determine from time to time just how far he is 


holds in a general way. But it is equally true that the 
effect of improvements upon both sets of costs is, in 
general, so complicated that exact calculation is very 
difficult if at all possible in any given case, and a 
universally applicable formula is practically non¬ 
existent. Moreover, there are frequently many almost 
immeasurable although very tangible factors that enter 



Fig. 4—Increase in Steaming Capacities op Boiler Units 6—Thermal Economy op Plants Operating on 60-60 

Shaded area Indicates approximate limits of central station practise Per Cent Annual Load Factor 


justified in moving values such as those shown by the 
solid lines nearesr to those shown by the dotted ones. 
Putting it in another way, the problem is to determine 
from time to time that balance between production and 
capital charges which will represent the best compromise 
for all concerned. It is out of this problem that we get 
rehabilitation and reconstruction of power plants. 


the problem, so that judgment must to some extent take 
the place of exact calculation. 

There is one very interesting aspect of this problem 
which should be mentioned at this point. It is the 
difference between conditions which arise in the case 
of rapid and slow growth respectively. It happens 
that most of the light and power companies of this 
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country have had a very rapid growth. This is a only about 6 per cent of the total investment at the 
situation very favorable to the maintenance of high end of 10 years and only a little over 2 per vent at tht» 
standards and low costs whereas with a lesser rate of end of 20 years. 

growth the problems involved are far more complicated. On the other hand, if we as.sume the opposi I e ext reme, 
This can be shown very well by using numbers for an namely, a system whic*h has not grown at all, tin* old 
assumed case. It should be noted that the numbers powerplantattheendof any givcm period will represent 
chosen are used for simple illustration only and that no the same fraction of the totiil investment tus it. tlid at. 
claim is made for correctness in an absolute sense. the start. If the scrapping of $1,000,000 of investment. 

Let us assume an electric light and power company is in question it represents about 111 per cent, of the total 
starting new with a 25,000-kw. power plant which cost and presents a very diiferent problem. It is interesting 




■■ 

Si 


■■ ■■■■■ 

"■IDs! 


esam 


1900 *02 04 *06 *06 *10 *12 *14 16 *1B *20 *22 *24 *26 '26 *30 

YEAR 

Fig. 7—Kilowatt-Hours Generated i»eu Man Hour 

This curve represents operating and maintenaiico labor for plants 
characteristic of each year’s design practise 

$100.00 per kw. of capacity representing a total invest¬ 
ment of $2,500,000. Let us also assume that the entire 
cost of the property of the company, including the 
plant, is two and a half times the cost of the plant; 
namely, $6,250,000. If we assume that this company 
experiences a rate of growth of 10 per cent per year, 
which is quite conservative for the period of the past 
20 years, it will have become a 66,000-kw. company at 
the end of ten years and a 170,000-lcw. property at the 
end of twenty years. If we assume that investment 
has increased in direct proportion, the power plant will 
have cost $6,500,000 by the end of 10 years and 
$17,000,000 by the end of 20 years. The system 
as a whole will represent over $16,000,000 at the end 
of ten years and well over $42,000,000 at the end of 
twenty years. It may be remarked here that there are 
many systems in which the rate of growth has been 
from one and a half times to twice the rate here assumed. 

Inspection of these figures shows immediately that 
^e original investment in power plant becomes in a 
few years a very small part of the current power plant 
investment and a much smaller part of the total current 
investment. When it is realized that extensive power 
plant rehabilitation can frequently be effected while 
preserving from 30 to 60 per cent of the original invest¬ 
ment, it becomes evident that such rehabilitation in a 
case of the sort assumed need not affect so great a part 
capital as to represent any particular 
dimculties with respect to adjustment of the capital 
account out of reasonably small reserves. .For example, 
if $1,000,000 of investment is to be junked it represents 


to speculate regarding the size of resi‘rve.s that will 
have to be maintained against physical doieriiiration 
and obsolescence, if and when the light and powt*r 
systems of the present day settle down to ix rule of 
growth proiiortionate only, say, to the growth of 
population. 

Consideration may now be given to s(inu‘ of t he t iiings 
which cause rehabilitation or even etunplele n‘p!ae<*- 
ment of power plants. The more important of these 
are listed below with certain remarks whu'h indicate 
the conditions under which they may or may nt»t be 
significant. 

1. The plant may be thermally inellicient in com¬ 
parison with current standards cjf piTformanci*. 
consideration is generally significant when the plant in 
question represents a large part, of |.h<‘ total generating 
capacity and therefore a large part (»f the inve.sinient; 
when it occupies a strategic po.sition in the system with 



IW4 '00 'Oft '10 '12 

Fig. S—Tim Eppkct op Adhitionm to (iKN'KUATi.N'tj v on 

Tiibumal Economy op a REPnKMENTA'nvK (JKNajnA'ii.vo Hvhtkm 

«■»»»<' Oil) floftiul lin«< till) 

thoimal oconoiny which would bo rtUalnofl if tUo ,,ii|or tj,,, 

woro roplacod by oindiutmiit on a i»ar with tho niont niorlorti Hmulon 

respect to receipt of fuel or distribution of loud so that 
its extensive use is required; when it occupies land which 
has appreciated greatly in value so that t he maximum of 
return must be obtained from it, if it is to be retained; 
and, in general terms, under any other ennditums 
which make the cost of fuel at this plant a very 
significant part of the company's annual exfienditures. 

2. The plant may be inefficiont in the imi of man 
power. This consideration is genenilly not of itself a 
decisive one but is one that is taken into aecoiint in 
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combination with others. It is serious in cases where 
labor trouble is to be expected and it may be serious 
when the plant in question represents a very large part 
of the total plant capacity. 

3. The plant may be inefficient in its use of ground 
area. This becomes important in the case of land which 
has appreciated greatly in value, when the plant is 
particidarly favorably located with respect to water or 
fuel supply and when the load conditions in adjacent 
territory make greater generating capacity on the site 
imperative. 

4. The plant may be inefficient in its use of invested 
capital, as by occupying a larger building than neces¬ 
sary, operating boilers at low steaming rates, etc. 
This consideration is of importance only when the plant 
represents a moderately large part of the total plant 
investment or when the location becomes of particular 
importance for reasonh such as those given in preceding 
paragraphs. 

These simple statements should not be understood 
to indicate that figuratively one can stand off to one 
side of the problem of rehabilitation and decide offhand 
with regard to the significance of these controlling 
factors in any given case. In each case certain rather 
rough calculations will usually indicate the relative 
magnitudes of investments, water quantities, and areas 
and volumes required to obtain certain approximately 
determined capacities, investments, and thermal per¬ 
formances. Such preliminary calculations will then 
indicate the impracticability or even the absolute 
impossibility of certain solutions, leaving a much 
restricted field for more intense study. 

It is practically impossible to set down definite rules 
or even guides regarding the rehabilitation of steam 
power plants. A few outstanding facts may, however, 
be indicated. 

In most cases both improvement of thermal efficiency 
and increased capacity will be possible, and it is neces¬ 
sary at the start of the problem to consider which of 
these possibilities, if either, is to be favored. In 
general, increase of capacity beyond certain limits will 
be attainable only by sacrificing certain thermal 
possibilities and a clear picture of the relative importance 
of the two will assist greatly in steering a reasonable 
course through the maze of things that might be done. 
Usually the possibility of increased capacity should be 
given first consideration because certain limits to such 
increase are so easily discovered. 

Thus, it would naturally be foolish to consider 
increase of capacity if the increased output could not 
be transmitted or distributed from the site in question. 
In many cases the available number of routes is limited 
and these may be found to be used to the limits of their 
respective capacities. Naturally this is logically the 
first matter for study. 

If the power could be got away if generated, the 
next logical step is a study of those things which may 
limit ability to generate on that particular site. These 


would be primarily the quantity of water available for 
condensing purposes and the possibility of delivering 
the required amount of fuel. If all available water is 
now being used, as determined either by the supply or 
the size of canals that must be used, increased output 
can be obtained only as the steam rate can be reduced, or 
as the vacuum is permitted to become poorer and the 
thermal efficiency proportionately sacrificed. 

If the water and fuel supply appear adequate the area 
of the site and area and cubical content of buildings 
come into consideration. Any of these may place 
unfortunate limitations on increase of capacity but 
they are in general not so controlling as the other factors 
just considered. 

Finally, the adequacy of existing switching equipment 
should be given attention. Any scheme which will 
permit the use of existing equipment would naturally 
stand a better chance of financial justification than one 
which required complete rebuilding of the electrical 
end of the plant. 

With such possible limitations clearly evaluated, the 
most important decision in the average case and that on 
which all else may be said to hang, is whether the boilers 
are to be retained or scrapped. If they are to be re¬ 
tained the operating steam pressure is limited to its 
earlier value except in those cases where a high-pressure 
unit is installed as an addition to existing equipment. 
This will be considered later. If the boilers are to be 
retained there is definite restriction of choice as to what 
may be done; on the other hand there is the certainty of 
a smaller expenditure. 

There has been much misunderstanding of the signifi¬ 
cance of high steam pressure. It happens that a very 
rapid improvement in the thermal efficiency of power 
plants has occurred during the same time that we have 
been stepping up steam pressures. As a result, many who 
are not familiar with all the details have come to assume 
that the first is entirely the result of the second. This 
is really far from a complete statement of the facts. 

. During the same interval, we have increased the boiler 
room efficiency from values falling between 70 and 78 
per cent up to values falling between 84 and 89. A 
change from 78 to 88 represents a fuel saving of almost 
13 per cent. 

We have also adopted the regenerative cycle of 
operation, that is, heating of the feed-water in steps by 
means of steam bled from the turbine. This represents 
a saving varying from 5 per cent to 11 per cent when 
referred to the coal pile. 

It should also be noted that we have, in addition, 
increased the total steam temperature. In a period 
of about fifteen years we have gone from a total tempera¬ 
ture of about 600 deg. fahr. to a total temperature of 
about 725 deg. fahr. This change of temperature is 
equivalent to a thermal improvement of between 4 and 5 
per cent for the plant as a whole. During all this time 
the design of the steam turbine itself has been so im¬ 
proved as to result in a material reduction in heat con- 
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sumption at any given pressure, temperature, and 
vacuum. 

It is therefore apparent that it is not correct to 
attribute all of the improvement in the thermal per¬ 
formance of the past ten years or so to increasing steam 
pressures since many other factors have contributed. 
As a corollary it follows that in the rehabilitation of a 
station, it may be possible to do much that will result 
in improvement of the thermal efficiency even though 
the original steam pressure must be retained. 

The decision with respect to the use of higher steam 
pressure is not entirely confined to its effect upon the 
thermal efficiency because increased capacity can be 
obtained in this way through the use of comparatively 
small high-pressure turbines discharging into the old 
turbines, utilizing the old condensers. Therefore, 
while the boiler room investment would necessarily be 
high this may be balanced by a comparatively small 
turbine room investment. The use of the old generators 
would also, in general, make it possible to use the old 
switching equipment, although there would naturally 
have to be additions to take care of the generators of the 
new high-pressure turbines. 

Only one case is known to the author in which 
complete replacement of old boilers with new high- 
pressure boilers has been decided on. This is a very 
special case in which new boilers and turbines are being 
installed in the old buildings for the primary purpose of 
obtaining greatly increased capacity from a given site 
of restricted area. If it is a fact that this is the only 
case of this sort, it may be due to the comparative 
newness of high pressures. There are, however, several 
cases in which high-pressure boilCTs and corresponding 
turbines have been added to existing stations with the 
idea that they would carry the base load and thus take 
maximum advantage of the higher thermal efficiency 
produced. Such work is more properly regarded as 
extension of an existing plant than as rehabilitation of 
an old one. 

The majority of cases of rehabilitation have thus far 
fallen in the class in which the old boilers are retained, 
thus accepting the limitations set by the original steam 
pressure. At present, these are the more interest¬ 
ing and probably the more important. 

The following methods of attack are available in 
such cases: 

1. The boiler room efficiency may be greatly im¬ 
proved without materially increasing the steam generat¬ 
ing capacity. This can be done by the use of more 
modern fuel burning equipment of one sort or another, 
by the addition of economizers or preheaters or both, 
and occasionally by improved baffling of the boilers. 

2. The boiler room efficiency may be greatly im¬ 
proved and, at the same time, the steam generating 
capacity may be increased to a very great extent. It 
is not at all impossible to double or more than double 
the steam output of an old boiler room by naing im - 
proved combustion equipment of greater fuel burning 


capacity, while at the same time bettering the boiler 
room thermal efficiency through the use of economizers 
or air preheaters or both. It will generally be found 
advisable to use a certain amount of furnace wall 
cooling in such extreme cases so as to gain the increased 
output most easily and so as to hold in check the 
tendency toward increased furnace maintenance. In 
this connection it should be noted that it is frequently 
possible to obtain greatly increased furnace volume, as 
by ignoring existing floor levels and by utilizing modem 
ash handling equipment which requires small height 
for its installation. 

3. The turbine room efficiency may be increased by 
raising the steam temperature. This wdll naturally 
involve more superheater surface or at least differently 
located surface. In most cases the use of some sort of 
radiant superheater in series with the older superheaters 
wrill be found advantageous but a careful study of 
pressure drop through superheaters and connections 
must always be made. This is of particular importance 
when the steaming capacity of the boilers is also in¬ 
creased. The adoption of higher superheat will usually 
involve minor rebuilding of the high pressure end of the 
turbine and in some cases major rebuilding of that end. 

4. The turbine room efficiency and capacity may be 
increased by several different methods. The most 
obvious, but also usually the most expensive, is by the 
installation of new, larger, and more efficient turbines 
taking steam at higher temperature from a boiler room 
of increased steaming capacity. When this method is 
adopted it becomes comparatively easy to introduce 
regenerative feed heating because the new turbine 
casings will be supplied with bleeder outlets. The 
improvement of thermal efficiency obtainable from 
regenerative heating can therefore be obtained readily. 
Larger condensers or additions to existing condensers 
may have to be provided. The old electrical switchgear 
can sometimes be used by adopting a double "winding 
on the generators so that the capacity per switch is held 
within the old limitations. 

A less obvious but very effective method of obtaining 
increased capacity and efficiency is found in the com¬ 
pounding of old turbines "with new turbines. At first 
glance it would appear as though this would be im¬ 
possible without raising the steam pressure but this is 
not the case. Two old turbines may be rebuilt to 
receive steam at lower pressure and temperature than 
they did before and to thus serve as low pressure ele¬ 
ments to a single new turbine taking steam at boiler 
pressure. In such cases the extent to which regener¬ 
ative heating of feed can be obtained will depend upon 
the design of the casings of the original turbines; naturally 
the new turbine can be designed for bleeder nozzles and 
the exhaust connection between it and the older units 
can be tapped for feed heating. This general method 
can be made to yield an increased generating capacity 
of at least 50 per cent and a marked improvement of 
over-all efficiency as well. 
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Even when neither of the methods just considered is 
available it is still frequently possible to obtain in¬ 
creased output by the rebuilding of old turbines and 
generators. No exact values can be given but increases 
of the order of 15 to 20 per cent and occasionally even 
more can be obtained in this way while at the same time 
materially improving the over-all thermal performance 
of the station. 

5. Even though it prove economically undesirable 
to replace or to rebuild the old turbines, it is still fre¬ 
quently possible to obtain marked thenmal improvement 
in addition to that which can be obtained in the boiler 
room. This can be done through modification of the 
auxiliary power supply and the heat balance of the 
station. One is incUned to think of regenerative feed 
heating as necessarily tied to the bleeding of each main 
unit. In fact, it is obtained to a certain extent when¬ 
ever that steam which is used for heating feed-water has 
done useful work before being used for that purpose. 
From the thermal standpoint it is most perfectly ob¬ 
tained when the steam has done the greatest amount of 
work before being used for heating and when the heating 
is done in the greatest number of temperature steps. 
Practically two or at the most three steps will ordinarily 
prove economically the best with moderate steam 
pressures such as one would expect in plants now being 
rehabilitated. 

The fact that comparatively small turbo generators 
can now be obtained with steam rates that compare 
very favorably with those of their larger brothers opens 
up possibilities of effective regenerative feed heating 
even when the main units are not equipped with bleeder 
nozzles. Thus, a new unit equipped for bleeding very 
great quantities of steam may be used to supply auxiliary 
energy and such part of the station output as may be 
necessary to produce the required amount of steam. 
The steam bled and exhausted from this unit may then 
be used for regenerative heating of the condensate 
from all main units. Thermally, the result would be 
the same as that attainable through bleeding of the 
main units if the steam rate of the small unit were the 
same as that of the larger. Practically, the result 
will generally not be quite as good because of the higher 
steam rate of the small unit. 

Certain disadvantages flow from this sort of a tie 
between auxiliary power and main bus, because of the 
ease with which electrical trouble can cascade. How¬ 
ever, protective devices and schemes of connection now 
available make the arrangement reasonably safe and 
thus worthy of consideration in cases of rehabilitation. 

It is worthy of note that rehabilitation of the sort 
which greatly increases station capacity will generally 
result in a radical reduction of investment per unit of 
capacity. It is not at all uncommon to obtain the 
increment capacity at from four- to six-tenths of the 
investment characteristic of the original station. On 
the other hand, the rebuilt station is generally more 
crowded than the original and operating facility may 


TABLE I 
STATION A 


Yearly Output—Millions of Kilowatt Hours 


Generating unit year 

No. 1 

No. 2 

No. 3 ' 

No. 4 

1. 

72.7 

92.6 



2. 

165.7 

126.6 



3. 

111.8 

130.3 



4. 

134.3 

122.3 



6. 

118.0 

124.7 



6. 

183.4 

103.6 

2.2 


7. 

169.6 

76.6 

143.3 

122.3 

8. 

160.7 

119.2 

164.8 

165.6 

9. 

162.3 

111.0 

197,3 

102.1 

10. 

153.0 

136.3 

183.0 

198.5 

11. 

166.4 

129.5 

190.2 

195.6 

12. 

170.6 

79.1 

164.6 

201.5 

13. 

160.1 

76.4 

126.2 

162.8 

14. 

177.6 

63.3 

109.7 

166.4 


TABLE II 
STATION B 

Yearly Output—Millions of Kilowatt Hours 


Generating tinit year 

No. 1 

No. 2 

No. 3 

No. 4 

1. 

8.6 

19.0 



2. 

90.2 

81.9 

1 


3. 

112.1 

115.7 

13.6 


4. 

58.2 

86.8 

92.6 

43.4 

6. 

96.9 

79.4 

87.0 

103.4 

6. 

106.2 

102.6 

109.1 

114.0 

7. 

102.6 

107.1 

110,7 

106.1 

8. 

123.6 

121.7 

126.9 

123.2 

9. 

76.4 

: 76.3 

81.6 

69.7 

10. 

66.2 

1 66.4 

1 69.7 

66.4 


TABLE III 
STATION O 


Yearly Output—Millions of Kilowatt Hours 


Generating 
unit year 

No. 1 

No. 2 

1 

No. 3 

No. 4 

No. 5 

No. 6 

No. 7 

No. 8 

1. 

6.0 

3.6 

2.2 






2. 

32.2 

47.0 

35.4 






3. 

48.7 

44.6 

49.0 

11,7 

4.6 




4. 

66.5 

63.0 

64.8 

21.1 

22.4 




5. 

71.2 

70.6 

68.6 

18.8 

26.2 




6. 

76.7 

77.7 

77.0 

22.6 

26.4 




7. 

76.3 

84.7 

69.9 

24,9 

28.9 

54.2 

2.2 


8. 

49.1 

63.6 

62.8 

30.6 

29.9 

116.3 

64.4 


9. 

48.1 

57.2 

46.4 

39.5 

20.1 

89.4 

102.7 

83.7 

10. 

25.1 

41.8 

36.2 

31.9 

26.1 

84.6 

83.9 

108.0 

11. 

41.0 

30.4 

28.6 

24.8 

42.1 

116.8 

97,3 

112.6 

12. 

25.0 

25.1 

32.2 

29.3 

46.6 

111.1 

118.9 

106.1 

13. 

10.1 

13.8 

16.1 

33.9 

40.9 

103.3 

! 87.3 

92.1 

14. 

12.2 

11.6 

14.9 

42.6 

43.4 

101.4 

95.6 

79.9 

16. 

21.9 

23.3 

25.9 

32.6 

60.7 

109.4 

99.3 

98.0 


TABLE IV 
STATION D 

Yearly Output—Millions of Kilowatt Hours 


Generating unit year 

No. 1 

No. 2 

No. 3 

No, 4 

1. 

37.1 




2.. 

188.0 




3.,. 

206.8 

51.9 

9.8 


4. 

188.1 

180.2 

94.2 

33.3 

5. 

202.1 

86.4 

18.2 

179.2 

6. 

177.6 

174.0 

176.6 

171.5 

7. 

173.3 

176.8 

191.8 

162.3 

8. 

167.7 

184.1 

214.5 

175.3 

9..;. 

184.8 

202.3 

183.6 

180.8 

10. 

160.6 

182,0 

211.0 

179.5 

11. 

169.9 

144.2 

171.3 

129.9 

12. 

148.2 

124.8 

211.7 

110.9 

13. 

183.8 

97.7 

183.3 

106.9 
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have been sacrificed to a certain extent in producing it. 
The reduction of man hours per unit of station send out 
which should follow the increased capacity may there¬ 
fore be partly counter-balanced through having to use 
more men than would be used in a new station of similar 
unit sizes. 

It is true that some executive engineers do not accept 
rehabilitation as economically justifiable in their own 
systems. Therefore, it is not legitimate in all cases to 
predicate original station design on the assumption that 
rehabilitation will be a necessary part of the history of 
the plant. However, such rebuilding to a greater or 
lesser extent appears to be becoming more general 
than it once was and the history of any given system 
with respect to such practises should be given serious 
study when designing new plants for that particular 
system. If it has been one in which rehabilitation has 
been found economically desirable it is obviously the 
part of wisdom to design rather generously with respect 
to ground area, floor area, cubical contents, and clear¬ 
ances, so that if and when rehabilitation becomes neces¬ 
sary there may be the greatest degree of flexibility. 
It is patent that this consideration should not be used to 
the isadvantage of the present in order to obtain a 
questionable advantage in the future. Butrin the 
design of any station many decisions must be made on 
very intangible grounds; the proper values cannot be 
determined by calculation and the decision must in 
the end rest upon personal opinion or arbitrary 
choice. In such cases, it is well to consider the effect 
of such decisions upon the possibilities of future 
rehabilitation. 

These’remarks prompt another line of thought. At 
the time a station is designed certain economic balances 
must be struck in arriving at a proper compromise 
between investment and performance. The factors 
of useful life and expectable use during that life neces¬ 
sarily enter such calculations. In connection with 
these there is a fact which is frequently overlooked and 
which it may be profitable to point out. Few stations 
are built complete at one time; they are generally built 
in two, three, or more steps with the process extending 
over a period of from five to ten years. 

While successive steps may be made to embody 
certain improvements, the general station design and 
the consideration of operating facility place some real 
limitations on this process. It follows that such facts 
ought properly to be taken into account at the time of 
station design. Thus, if we assume a useful, high output 
life of, say, ten years as the basis of design and then 
build serially so that the last unit is placed, say, five 
years after initial operation of the first,'we very mate¬ 
rially reduce the period which was assumed as ten years 
if our other assumptions were correct. The figures 
given in Table I, II, etc., are taken from real plants and 
indicate how such things have worked out in some cases. 
These cases, incidentally, are not at all exceptional. 

The comparatively short life at high-load factor of 


the later units is quite noticeable in several of the tables. 
Some also show the comparatively short high-load 
factor life of the entire station, as for example. Table II, 
which represents a station which was extensively re¬ 
habilitated about twelve years after the first unit was 
put in service. 


Discussion 

£. S. Fieldss I should like to discuss this paper from the 
standpoint of the practical application of some of the principles 
outlined in Dr. Hirshfeld’s paper to the electric system of the 
Columbia Gas and Electric Corporation. 

The feature of the program involved was to obtain increased 
capacity from existing stations, rather than any material im¬ 
provement in economy. The program required considerable 
construction work within the West End and Columbia Stations 
of the Union Gas & Electric Company of Cincinnati, Ohio, and 
the MiUers Ford Station of the Dayton Power & Light Company 
of Dayton, Ohio. The program resulted in an increased system 
capacity of 105,000 kw. by making changes and additions to 
equipment within the existing plants and without making addi¬ 
tions to the existing buildings. 

The history that led to this program was somewhat as follows: 
Prior to 1927, studies of the system capacity were centered 
around obtaining new capacity by extension of existing plants or 
by construction of a new plant in the territory between Cincin¬ 
nati and Dayton. During 1927, three of the largest power con¬ 
tracts in the history of the company were negotiated which made 
it necessary to make an immediate decision in regard to the 
method of obtaining additional generating capacity. At this 
time the system capacity of the three main stations in Cincinnati 
and Dayton was 275,000 lew. An estimate of the load growth 
indicated that in 1928 the system load would be 250,000 kw. and 
in 1929,280,000 kw. The largest unit on the system at that time 
had a capacity of 45,000 kw. 

In order to determine the maximum capacity available on the 
system with reference to these anticipated loads, a check-up 
was made of the overload capacity of the machines in existing 
stations. At the same time an examination was made of the 
system load dmation curve and it was noted that the top 25 per 
cent of the system load, or something over 50,000 kw., was 
present on the system only 15 per cent of the time. As a result 
of this consideration the following plan was evolved: 

Construction work on West End Station of the company was 
started in 1916 and the station put into service in 1918. This 
station consisted of four 25,000-kw. units. A cheek was made 
of the overload capacity of these units and it was found that each 
machine would carry 32,000 kw. The capacity of the units, 
however, was limited by the capacity of the generators. Con¬ 
sideration was given to rebuilding tlie generators for a higher 
capacity and the cost was determined. The cost of rebuilding 
the turbine for a higher capacity was also determined. As a 
resTilt of these studies it was decided to rebuild the steam ends of 
these machines and install new 36,000-kw. generators. In order 
to install these generators only minor changes were necessary in 
the machine foundations. In the turbines, new steel diaphrams 
were installed between the sixth and eleventh stages, designed 
for increased steam flow. The boiler equipment at this station 
was not changed but certain changes were made in the auxiliary 
equipment. 

Extraction heaters were installed in connection with each 
unit in order to heat additional boiler feed water. Steam driven 
auxiliaries were changed over to motor-drive in order to work 
into the new heat cycle. The original condensers having 52,000 
sq. ft. of surface were large enough for the rebuilt units. No 
changes were made in the condensing equipment. 

The changes in the electrical equipment of the plant were as 
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follows: New oil circuit breakers, disconnecting switches, and 
main leads of higher capacity were required for the larger genera¬ 
tors. The main station busbars were reinforced throughout the 
plant by installing higher-strength insulators and additional 
copper. 

The interrupting capacity of the feeder oil circuit breakers was 
increased. One of the feeder oil circuit breakers was taken out 
and tested in the manufacturing company’s laboratory to estab¬ 
lish its rating. The result of these tests indicated that certain 
things could be done with the breakers in the way of speeding 
them up, reducing oil head and so forth, to increase their safe 
interrupting capacity. It developed from an experience at this 
same time tiiat the feeder reactor installations in the station were 
unsafe and reactors on all feeders were changed to a mechanically 
stronger type with a slightly higher value of reactance to reduce 
the feeders short-circuit currents to the safe capacity of the 
breakers. 

The total increased capacity obtained at the West End Station 
was 44,000 kw. 

The company that manufactured the two turbo generators 
installed at the Columbia Station suggested that each of these 
machines be rebuilt from tandem-compound 45,000-kw. units to 
cross-compound units of 63,000 lew., by abandoning the high- 
pressure section of the original turbines and installing separate 
high-pressure turbines to each of which would be coupled one of 
the generators that was to be removed from the West End units. 
The new high-pressure turbine proposed with this change would 
deliver sufficient steam to the low-pressure end of the original 
machine to produce 49,000-kw. output on the original generator. 
Under these conditions the new high-pressure unit would deliver 
14,000 kw., making the output of the compound unit 63,000 kw. 
Two of the generators which were removed from the West End 
Plant were utilized with these new high-pressure units installed 
at Columbia. 

By changing these units from tandem-compound units to 
cross-compound units an increased capacity of 36,000 kw. was 
obtained in Columbia Station. 

Space was available for foundations so that the high-pressure 
unit could be installed alongside the original units. 

The steam conditions in this plant were originally 600 lb., 
725 deg. fahr. In order to provide additional steam, the ca¬ 
pacity of the six standard boilers was increased from 160,000 to 
220,000 lb. per hr. In the reheat boilers the steaming capacity 
was increased from 90,000 to 150,000 lb. per hr. Some of the 
changes necessary in order to obtain this increased capacity of 
the boilers were as follows: The air-cooled refractory front walls 
were replaced with water-cooled front walls. New baffling was 
installed in the drums. The powdered-coal feeders were equipped 
with new screws of greater pitch to deliver more coal. The in¬ 
duced draft fans were equipped with new runners and new motors 
of higher speed to get greater capacity. The air pre-heaters 
were changed from four-pass to two-pass in order to reduce the 
friction caused by increased air volume. The boiler pressure was 
increased from 600 to 650 lb. and the temperature increased from 
725 deg. to 740 deg. New impellers were installed in the boiler 
feed pumps, increasing the pressure from 750 to 800 lb. Evapo¬ 
rators were installed to improve the boiler feed-water conditions. 
A new 70-in. mill was installed in the central fuel-pulverizing 
plant to supply the increased demand for pulverizing fuel. 

In the electrical end of the station, since both high- and low- 
pressme generators were connected to the same oil circuit 
breaker, it was only necessary to increase the capacity of sections 
of the busses, generator disconnecting switches, and current 
transformer on the original installation and make the installa¬ 
tion of the high-pressure generator and its accessories. 

The generator oil circuit breakers were originally rated at 
3000 amperes. With the high- and low-pressure units operating 
in parallel through the same oil circuit breaker, the maximum 
current was 3250 amperes and the space was limited so that larger 


breakers could not be installed. A test was conducted on the 
breakers to determine the conditions of heating at this higher 
current. It was found that the only point of high operating 
temperature was in the top casting of the switch. This was 
changed from steel to alloy, and the switch operated satisfac¬ 
torily at this higher capacity. . 

At the Millers Ford plant of the Dayton Power & Light Com¬ 
pany, there was building space available for an additional unit. 
A new turbine was purchased and one of the generators removed 
from the West End Station was installed with this turbine to 
complete the unit. It was necessary to reconnect the generator 
used in this installation from 13,200 volts to 6600 volts. This 
addition increased the capacity of this station 25,000 kw. A 
portion of this capacity is in effect reserve turbo generator 
capacity at this time since no work has been done in the boiler 
room to obtain greater steam capacity. This step has been 
delayed until the system requires the additional firm capacity. 

The program as outlined utilized three of the four generators 
which were removed from West End Station and the fourth 
generator now remains on the system as a spare. 

W. S. Lee: Apower generation paper can be very voluminous 
and have a great number of plants described therein. This was 
not the purpose of this paper, but the idea was to impress upon 
both the designing and executive engineer tlie importance of 
rehabilitating a plant only when it was a proper thing to do for 
service and financial reasons. It also brings before the engineer¬ 
ing profession in this day of mergers and larger installations and 
generating units that we must be prepared to do away with many 
small units that are operating. 

The question of selecting pressures prompts me to suggest that 
you go into this matter a little more slowly than wo have been 
doing recently. I do not mean to say that I decry high pressures, 
but high pressures do not fit every job. You can build some lai^e 
plants with lower pressures, and when you apply the operating 
cost as well as capital cost, you will find that the high pressures 
do not act as a panacea for all your troubles. 

W. J. Foster: I am reminded of the time when hydraulic 
generators were relatively more important, you might say, than 
at the present moment. It has always been possible to do more 
in the rehabilitation of such generators than of steam turbine 
generators for the reason that most of those machines were made 
when the standards required close regulation and operators had 
to take care of the potential and the load changes by manipulat¬ 
ing the rheostats by hand. Since such generators wore made 
with a much higher short-circuit ratio, it has been possible in 
many oases to redesign the armatures so that the same rotor or 
field with the same excitation will give a much greater output and 
it is entirely satisfactory to do this since field regulators will take 
care of the potential, which we did not have in the old days. 
We can usually make a good showing on an old hydraulic plant 
in rehabilitating the generator. 

In the ease of steam turbines, the older turbines were of much 
lower speed than is now advisable, so that the unit as a whole has 
to be replaced, and that, of course, causes the generator to be 
scrapped. 

Mr. Fields speaks of the Columbia Gas & Electric System. 
After an interval of ten or twelve or fifteen years, there have been 
in the past and probably will be in the future improvements made 
by which greater output will be obtained with the same material, 
that is, increased output of 10,15, or 20 per cent. Nothing like a 
50 per cent increase is to be had there, which is possible in many 
of the older hydraulic plants. 

I think it is good policy on the part of the consulting engineers 
and engineers of operating companies to insist upon conserva¬ 
tively rated generators in the first place. It is so often found 
possible by increasing the pressure and the temperature or some¬ 
thing connected with the steam end to obtain a greater output. 
If the generator has been conservatively rated in the first place, 
it is generally possible to operate it entirely satisfactorily and 
safely at greater output. 
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L. W* W. Morrow: I want to compliment Professor Hirsh.- 
feld on a very masterly paper on a very difficult topic. Anyone 
who generalizes about power generation and power cost today is 
dealing with a hazardous subject. Yet it is the one important 
topic confronting engineers in the utility field today. 

Today we are facing a period of increased investment per unit 
of output, decreased sales price per unit of output, and a longer 
time for capital turnover. The power station end of the system, 
roughly, represents one-third of the investment and one-third 
of the sale price of the energy we are selling. 

It is very significant, as Dr. Hirshfeld shows, that in 1908, 
our best station practise represented 32,000 B. t. u. per kw-hr.; 
in 1918, it was down to 18,000. Today it is around 12,000. In 
other words, for a little handful of coal today, costing one-tenth 
to three-tenths of a cent, you are getting the use of a kilowatt for 
an hour. So much for the fuel cost. 

What about the capital charge to get that result? On an 
average, we can say that power station of 1908 and 1918 and 1928 
cost roughly, $100 a kilowatt. We can also say that the range 
today is probably greater than it was in those two periods and 
under certain conditions is from $65 to $140. Thus power¬ 
generating engineers have made an enormous increase in thermal 
economy and without increasing the capital investment ma¬ 
terially . Now we wonder where they are going next. 

Dr. Hirshfeld very candidly says it doesn’t appear that we are 
proceeding at the same rate as in the past. When we look ahead 
at this industry with power production doubling every eight or 
ten years, which means we are adding now 1,500,000 to 
2,000,000,000 kw. of new capacity each year, we begin to see the 
dollar values involved in making engineering judgments on re¬ 
habilitation of existing plants or on new power-station building. 

In rehabilitating a plant, we have to take into consideration the 
period ten years ahead just as we do in building a new station. 
The same factors enter in. One element Mr. Lee touched on is 
the system reserve requirements which not only involve the 
power-generating engineer but the transmission and distribution 
engineer. One element which is very important is to improve 
the load factors of these systems. To get more kilowatts out of 
this capacity, we have to find more uses and more hours of use for 
the power we have available in these stations. 

Another factor that is coming into the picture is this: We 
hear a great deal of discussion about making power as a by¬ 
product of coal some conibination of the gas, the chemical, and 
the power industry. This may come about and may make for 
some cost reductions—nobody can tell. But people will have to 
use more chemicals and pay more money for them before that is 
possible. 

The third element is that it may be we will find something 
beside water to deal with in producing power from fuel. We have 
worked the water cycle to the limit. We have achieved good 
results with mercury, and it isn’t beyond the scope of possibility 
that we will use some other fluid and gases. 

Sidney Withln^ton: (communicated after adjournment) 

I should Uke to emphasize Dr. Hirshfeld’s thoughts that the 
increasing operating economies are to some extent counter¬ 
balanced by the increasing capital expenditures represented in 
modem power-plant design. I believe there is some tendency in 
certain instances to overlook this in a constant effort to add to 
operating economies. 

Dr. Hirshfeld says that the net result of all forces concerned 
has been a gradual but consistent lowering of the selling price of 
g)wer. It would add very much to the paper, I believe, if Dr. 
Hirshfeld would present figures showing the trend of costs of 
power during the past few years. It would be necessary, of 


course, to make corrections for increasing costs of labor per man¬ 
hour, and increasing costs of fuel, and possibly a few additional 
assumptions such as the development of the facilities for burning 
lower grades of fuel. Such data would, I believe, be of great 
interest to those concerned with the problem of power production 
and use. The information might be plotted coordinately with 
some of the other graphs presented. A segregation of fixed or 
annual charges and energy, would probably be desirable in 
order to take into account variations in load factors. After all, 
it is the final answer which counts and unless that is indicated the 
whole story is not told. 

Philip Spornt (communicated after adjournment) Dr. 
Hirshfeld’s paper is, I believe, particularly timely in this day of 
the popularity of the slogan in coimeotion with power systems, 
such as, “More kilowatts per dollar of investment” and 
slogans. What all of these get down to, is this, that the power 
producers are spending too much money for facilities to tfl-ka care 
of business at the rates they have to offer to get that business. 
Obviously one way of getting around this situation is not to 
spend so much money per kilowatt of capacity. 

Dr. Hirshfeld has given the entire problem of rehabilitation of 
steam power plants a very comprehensive, concise summation. 

I should like, however, to stress three points which have been 
indicated in the paper. 

1. The effect of an existing transmission system on the prob¬ 
lem of rehabilitation. The history of development of power 
systems has very often been one in which as the load developed 
newer and larger plants were built at various points on the sys¬ 
tems, the old ones being left to struggle along as best they could. 
The transmission system has naturally in all that time kept pace 
with the growth, that is, the transmission system was developed 
around the various generating point sites; it is.of course the only 
way it could develop. As the territorial expansion of a system 
slowed up, and this is true of many of them today, the situation 
that the engineer was confronted with was. one in which a number 
of the lines built in previous years had gradually ceased to func¬ 
tion because the location of the newer stations was such as to 
favor some other lines. An analysis of the economics of rehabili¬ 
tating some of the old sites in any case of that sort would very 
often go far astray unless full weight were given to the combined 
plant and transmission-line set-up. It will often be found that it 
is economically desirable and feasible to rehabilitate a plant even 
though the thermal economy derived from it is not as high as that 
possible from some other plant for the simple reason that its 
rehabilitation would put to use a transmission line that might 
represent two or three million dollars worth of investment. 

2. As pointed out by Dr. Hirshfeld, rehabilitation will 
generally result in radical reduction in investment cost per unit 
of capacity. It is to be noted that the generating station, 
through the possibiUty it offers for rehabilitation, is one of the 
few places on the electric power system that affords the possibility 
of a sharp out in the cost of facilities per kilowatt to be served. 

3. On the question of ground area, cubical contents, and re¬ 
lated questions which Dr. Hirshfeld brings up as necessary to 
be settled in the light of the policy to be followed with regard to 
rehabilitation, I should like to state that I have seen oases where 
not only would the original design limits with regard to space and 

area, etc., prove inadequate when rehabilitation time came around 

but very often showed their inadequacy before the design had 
progressed to completion. It would seem that this particular 
question of design could certainly be treated more liberally than 
would be warranted by a mere consideration of figures produced 
with the aid of an engineer’s scale and slide rule. 
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merits are considered. 


A bout so per cent of the network systems now in 
operation use induction regulators to control the 
voltage of the network. 

Over 75 per cent of these apply separate regulators 
to the individual feeders though under certain condi¬ 
tions there are some advantages in regulating the volt¬ 
age on the bus rather than on the individual feeders. 
These conditions exist on a network system supplied 
from one station by feeders of the same voltage rating 
which carry the entire load supplied by the bus. Be¬ 
cause of the interlacing and the fact that they feed into a 
common secondary system, the load carried by each 
feeder, particularly at the time of heavy system load, is 
generally well divided among them. Under these con¬ 
ditions, bus regulation will frequently give satisfactory 
voltage at the load. Furthermore bus regulation re¬ 
quires the minimum amount of space for regulating 
equipment and none of the problems involved in the 
operation of automatic regulators on parallel feeders is 
encountered. 

However, the outstanding disadvantage of a bus regu¬ 
lator is that the entire network system would be without 
voltage regulation if anything should happen to the one 
bus regulator. Furthermore the advantages of this 
type of regulation are considerably minimized if any 
of the favorable conditions do. not exist. For these 
reasons individual feeder regulators are used in the 
majority of cases. 

Regulator Application 

On a three-phase three-wire feeder, one three-phase 
regulator, two single-phase regulators or three single¬ 
phase regulators may be employed, while on a three- 
phase four-wire feeder, either three single-phase or one 
three-phase regulator may be used. Any of these will 
give satisfactory voltage conditions at the load if the 
bus voltage of each phase and the current carried by 
each line are balanced. 

A three-phase regulator is usually connected to a 
feeder as shown in Fig. 1. The voltage in all three 
phases is varied an equal amount by any movement of 
the three-phase regulator. With the connections shown 
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in Fig. 1 the operation of the regulator is controlled by 
only certain phases of the feeder. For this reason the 
results obtained by the use of three-phase regulators are 
not entirely satisfactory when there is a serious un¬ 
balance of either voltage or current in the different 
phases of the feeder. 

The action of a three-phase regulator is illustrated in 
Fig. lA. The triangle ABC represents the voltage 
conditions existing at the station bus, while the triangle 
XYZ shows the regulated voltage. It may be seen 
from this that if the three-phase regulators in the dif¬ 
ferent feeders supplying a network are not made to 
boost or buck the same amount at all times, an angular 
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Pig. 1 AND 1a—eotob and Connection diagram: of Thbexh 
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voltage displacement is introduced between the corre¬ 
sponding line to neutral and line to line voltages in the 
different feeders. With the first type of network pro¬ 
tectors developed, this angular shift of voltage had the 
serious effect that it was liable to cause pumping, that is, 
periodic opening and closing of the network protectors. 
This action is fully explained in a paper by W. R. 
Bullard.2 The possibility of network protectors pump¬ 
ing because of this angular voltage displacement has 
been eliminated in the latest type of protector by the 

2. Operating Requirements of the Automatic Network Relay, 
by W. R. BuUajd, A. I. E. E. Trans., Vol. XLV, 1926, p. 1203. 
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addition of the phasing relay.’ The voltage shift, plied as shown in Fig. 3. The primary winding of each 
however, still introduces some undesirable system regulator is connected from line to neutral. Correct 
conditions. ^ regulation from line to neutral can be obtained with the 

The usual connections used for two single-phase arrangement, no matter how unbalanced the currents 
relators on a three-phase feeder are shown in Fig. 2. and voltages of the feeder may be as long as the correc- 
With unb^anced voltage and current conditions in the tive factor required is within the range of the regulators, 
feeder, this method will generally give closer regulation As illustrated in Fig. 3a, the voltages added or sub- 
than one three-phase induction regulator, but still will tracted by the action of the regulators are always in 
not give correct regulation on all three phases. phase with their respective line to neutral voltages, and 

there is, therefore, a fixed phase relation between these 
voltages in the different feeders. The line to line volt¬ 
ages may be shifted in phase somewhat due to unequal 
action of the three regulators, but this has no effect on 
the voltages being considered since the high voltage 
sides of the network transformers will also be con- 
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Pig. 2 and 2a—^Vectob and Connection Diagbam of Two 
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nected between the phase wires and neutral. It follows, 
therefore, that three regulators on a three-phase, four- 
wire s;^tem give correct voltage under any unbalanced 
conditions in the different phases. 

Fig. 4 shows the connections used when three single¬ 
phase regulators are used on a three-phase, three-wire 
system. ^ With this arrangement correct relation will 
be obtained even though the voltages and currents of 
the feeder are unbalanced. 

The action of the regulators is shown in Fig. 4a, 
Here again a phase angle shift of the voltage triangle is 
introduced by the regulators. An angular displace¬ 
ment between the corresponding line to line voltages in 


The action of two single-phase regulators on a three- 
phase feeder is illustrated in Fig. 2a. The triangle 
ABC again represents the voltage conditions at the 
bus, and X Y Z shows the regulated voltage with the 
two regulators in somewhat different positions. The 
voltages added to or subtracted from the line voltages 
B A and BC are in phase with the line voltages at all 
times, and are simply varied in magnitude by the move¬ 
ment of the regulators. As a consequence, there can be 
no an^ar shift produced between these two voltages in 
the different feeders. However, the phase angle as 
well-as the magnitude of the voltage in phase A C is 
changed by an unequal niovement of the two regulators 
on the other phases, as is illustrated by the line X Z. 
It is entirely possible, therefore, to have an angular 
displacement of the voltages of this phase in different 
feeders, and such a shift could introduce the same 
trouble on the older type of network protectors as that 
caused by three-ph^e regulators. To avoid this 
difficulty, the companies using two regulators connected 
in open delta on network feeders have mechanically 
connected together the two regulators on- the same 
feeder which prevents an angular shift of any of the 
voltages, but at the same time forces all phases of the 
feeder to accept the same amount of regulation. 

If the feeders supplying the network are connected 
three-phase, four-wire and three single-phase regulators 
are used o n each feeder, these regulators may be ap- 

n^‘iQ 07 ^® Network Relay,” by J. S. Parsons, Electnc Jl, 
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can cy^xucu oy mecnanicaily 
connecting together the regulators in the corresponding 
phases in the different feeders. 

A comp^on of the relative first costs of the regula¬ 
tors for different feeder sizes has been worked out for 
each of the arrangements described, and the results are 
^ven in the c^es of Fig. 5. In each case the line to 
line voltage of the feeder has been taken as 4000 and 
the proper regulators applied to give a regulation of 10 
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per cent buck or boost. The curves in Fig. 5 have been 
made up for comparative purposes, and the differences 
in costs are expressed in per cent rather than in cost 
figures. The same thing has been done in working out 
the curves on comparative losses. 

The three-phase regulator must have a 4000-volt 
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Fig. 4 and 4a—bctob and Connection Diagram op Three 
Single-Phase Regulators on a Three-Phase Three-Wire 
Feeder 

rating for application on a 4000-volt feeder and must 
have a kv-a. rating of 10 per cent that of the line in 
order to give the ten per cent regulation. The costs of 
such regulators for different feeder capacities are shown 
as Curve D of Fig. 5. 

A single-phase regulator used on a three-phase four- 

KV-A or LINE 



Fig. 5—Cost Comparison Regulators por 4000-Volt 

Feeders 


wire feeder is designed for the line to neutral voltage, 
or in this case 2300 volts. The same total regulator 
capacity is required to give the range of 10 per cent 
above and below normal as in the case of the three- 
phase regulator, or in other words, each single-phase 
regulator has a rating of per cent of the line kv-a. 


The cost of three single-phase regulators for such a 
feeder, plotted in per cent against the line kv-a., is given 
in Curve B of Fig. 5. 

The total regulator capacity required to give corre¬ 
sponding regulation is higher when three single-phase 
regulators are used on a three-phase three-wire system 
(Fig. 4) than if used on a three-phase four-wire system 
(Fig. 3). In order to obtain 10 per cent buck or boost 
of the line-to-line voltage, each single-phase regulator 
must be rated at 3.8 per cent of the feeder kv-a. The 
voltage rating of regulators applied in this manner is, of 
course, the line-to-line voltage. The cost of three such 
regulators for different feeder capacities is given in per 
cent in Curve C of Fig. 5. 

Two regulators, connected in open delta, on a three- 
phase three-wire circuit must each have a rating of 
5.77 per cent of the feeder kv-a., and must be designed 
for line-to-line voltage. The cost of the two regulators 
is plotted against feeder kv-a. in Curve A of Fig. 5. 

The losses of each of these combinations of regula- 



Fig. 6—^Loss Comparison Regulators for 4000-Volt 

Feeders 


tors, expressed in percentage, are shown in the four curves 
in Fig. 6. The curve letters used in Fig. 6 refer to the 
same regulator arrangements as the corresponding 
curves in Fig. 5. 

The use of feeder voltages of 11 kv. and 13.2 kv. has 
become rather common on a-c. automatic network 
systems. When regulators are supplied on such feeders, 
it is possible to use high-voltage regulators connected to 
the feeder in the usual manner, or to use standard 2.4- 
kv. regulators with shunt and series transformers. The 
primary windings of the regulators are supplied through 
the shunt transformers, and the secondary windings of 
the regulators are connected into the feeder through the 
series transformers. The question of which type to use 
is essentailly an economic one, and Fig. 7 shows the 
first cost of the two types. Curves A and B in Fig. 7 
are for three-phase regulators, while Curves C and D are 
for single-phase regulators. The comparison is based 
on regulator ratings only. 

The losses of the regulator combination using series. 
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to shunt transformers are usually higher than for the 
standard high-voltage regulator except in small sizes. 
The floor space required for the outfit using the larger 
number of umts will be the greater, but this arrange¬ 
ment gives the greater flexibility.^ 



Pio. 7—Cost Comparison Regttlators for 13,200-VoiiT 

Feeders 


All of the cost curves have been based on automatic 
indoor regulators which have been the ones most com¬ 
monly used up to the present time. The use of out¬ 
door regulators has recently been increasing very 
rapidly, but a comparison of this type of regulator would 
show only minor modifications of the cost curves already 
given. It should also be noted that no allowance ha ,9 
been made in the cost curves for the omission of one set 
of automatic control equipment when two regulators 
operating in open delta are mechanically connected. 

Operating Problems 

A number of problems arises in the operation of regu¬ 
lators on the parallel feeders supplying a distribution 
network. 

Fig. 11 clearly illustrates that a closed loop is formed 
by the feeders, the station bus, and the secondary 
system, and a voltage imbalance will tend to set up a 
circulating current in this loop. If the regulators are 
applied in the manner generally followed on the feeders 
of radial systems, and the line-drop compensators set in 
the usual manner, it is possible that regulator instability 
ma,y be encountered. For example, if a fiman circu¬ 
lating current is set up, the current in one feeder is 
increased, while that in the other is decreased. The 
increased current in one feeder acts on the line-drop 
compensator to cause the regulator to further increase 
the voltage in this feeder, while in the other feeder the 
opposite action takes place. It can readily be seen that 
this may result in a cumulative action, one regulator 
going to the maximum boost position, the other turning 
to the maximum buck position. 

The prob lem in brief, therefore, is to maintain satis- 

4. “Regulators for Network Distributiou Systems ” bv E E 
Lehr, July, 1926. ’ 


factory voltage at the load, and at the same time pre¬ 
vent unstable operation of the regulators- 

Parallel Operation 

The first and the most reliable means of operating 
regulators in parallel is by mechanical interconnection. 
This consists of a shaft connecting the operating mech¬ 
anism of the regulators. One set of automatic acces¬ 
sories is used to control the several regulators so me¬ 
chanically interconnected. 

It is frequently inconvenient or impossible to me¬ 
chanically interconnect regulators to operate in parallel, 
because of the necessary physical arrangement. Regu¬ 
lators to operate in parallel may even be located in 
different substations. In these circumstances, it has 
been considered necessary to use some form of electri¬ 
cal interconnection. The mechanical interconnection 
forces each feeder to have the same voltage, so that if 
the impedances of the feeders differ, they will not divide 
the load equally. This corresponds to substation bus 
regulation, but has the advantage that failure of one 
regulator does not affect the regulation of the other 
feeders. The two central regulators shown in Fig. 8 
are 344-kv-a., 13,200-volt, three-phase, self-cooled in¬ 
duction regulators, mechanically interconnected and 
regulating the voltage of two parallel feeders. 

One of the first schemes of electrical interconnection 
used is that shown in Fig. 9. This arrangement is 
usually referred to as cross-compensation. The di¬ 
agram shows the circuit for controlling two single-phase 
induction regulators in open delta on a three-phase, 
three-wire system, the two regulator 3 0 ! each feeder 
being mechanically interconnected. The source of po¬ 
tential for the primary relay is the voltage transformer 
connected directly across its own feeder. The current 



Fig, 8-Three-Phase 13,200-Volt Automatic Induction 
J xEGxriiATORs Mechanically Interconnected 

for line-drop compensation, however, is obtained from 
the current transformer of the adjacent feeder. Each 
compensator is set for its own feeder impedance. The 

action of the auxiliaries is described in the following 
paragraph. ^ 
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With an increase of load, each feeder will take a por¬ 
tion of the increase inversely proportional to its impe¬ 
dance at the instant of increase. Thus the feeder of 
lowest impedance takes the greatest share of the added 
load. The tendency to increase the voltage of this 
feeder is not very great, because its compensator is set 
for low impedance, and the increase in current due to the 
additional load is small, since it is taken from the ad- 



Pio. 9 —Reottlators on Parallel Feeders with Cross- 

Compensation 

jacent feeder. The feeder having the highest impe¬ 
dance has taken the smallest share of the added load at 
the instant of increase, but the tendency for the regula¬ 
tor to raise the voltage is greatest, because its compensa¬ 
tor is set for high impedance and the current obtained 
from the adjacent lower impedance feeder is higher than 
its own current. The tendency of the regulator acces¬ 
sories is therefore such as to cause each feeder to take an 
equal share of the increase in load. This is one of the 
requisites of stable parallel operation. 

This method of cross-compensation can only be 
successfully applied to feeders that have appreciable 
impedance, since the sensitivity of the control circuit to 
circulating or unbalanced current is dependent on the 
compensator setting. For example, assume a feeder 
with but 5 per cent impedance and the compensator set 
at 5 per cent. The usual contact setting of the primary 
relay is dz per cent. Thus it would require a cir¬ 
culating current of 30 per cent full load to cause the 
primary relay to make contact and cause the regulators 
to restore balanced conditions. This cross-compensa¬ 
tion scheme has been largely superseded by the standard 
method of connections as will be explained. 

Fig. 10 illustrates a circuit developed to secure sen¬ 
sitivity to circulating current. The diagram shows 
only the control for only one regulator on each three- 
phase four-wire circuit. Two additional current trans¬ 
formers, C Ti and C T^, on the parallel feeders are 
connected in series so that when the feeders are carrying 
the correct portion of the load, the secondary current of 
the current transformers simply circulates between the 
current transformers. If, however, the current in the 
feeders is unbalanced, twice the imbalanced current will 
flow through the compensators, since the current trans¬ 
formers have very high impedance to any current other 
than ratio prim^ current. The compensators are so 


connected that a voltage is induced in the primary relay 
circuit so as to restore normal conditions. 

The transformers C Tz and C supply the current 
for line-drop compensation in the usual manner. For 
feeders of low impedance, the current transformer ratios 
are chosen so as to give a high compensator setting to 
secure sufficient sensitivity to circulating current. For 
example, for a 200-ampere feeder having 5 per cent im¬ 
pedance, the current transformer ratio for line-drop 
compensation would ordinarily be 200 to 5. As pre¬ 
viously pointed out, a compensator setting of 5 per cent 
is not suflident to secure satisfactory operation. In 
order to set the compensator at 10 per cent, a 400-to-5 
current transformer would be used for line-drop com¬ 
pensation, and the 200-to-5 ratio for the current trans¬ 
formers used for the unbalanced current. It will be 
seen that this connection forces the feeders to carry cur¬ 
rent of approximately the same magnitude, or in a 
definite proportion. 

This method has been satisfactorily used with three 
regulators solidly bussed on both power and load sides, 
maintaining a constant voltage on the regulated bus. 
The regulators perform as though they were mechani¬ 
cally connected by a somewhat flexible shaft, the flexi¬ 
bility being controlled by the closeness of the primary 
relay adjustment. The compensators, of course, are 
not used to obtain line-drop compensation but to limit 
the circulating current in this case and the current trans¬ 
formers C Tz and C Ti are omitted. 

Another installation was made several years ago 
using the connections shown in Fig. 10 for two sets of 



Fia. 10 —Circuit por Limiting Circulating Current and 
Including Line-Drop Compensation 

three single-phase induction regulators on a three-phase 
four-wire circuit. These regulate two feeders supplying 
a bank of transformers connected in parallel on both 
high- and low-voltage sides. This installation has been, 
operating very satisfactorily. The regulators are pro¬ 
tected by thermal relays so that in case of failure of any 
of the auxiliaries to function, the breaker will auto¬ 
matically open the circuit. To date, however, there has 
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been no occasion for the breakers to open through the 
action of these relays. 

All of the schemes described so far require mechanical 
or electrical interconnection. Where all regulators 
feeding the network are located in the same substation, 
there is no serious objection to electrical interconnec¬ 
tion. However, as the size of the network increases 
new substations may be required. If electrical inter¬ 
connection is employed, pilot wires must be used be¬ 
tween the regulator circuits, which is objectional both 
from a cost and operating standpoint. 

Induction regulators are now being applied to net¬ 
works in many cases, using only the standard method of 
connection. 

To secure satisfactory operation, certain precautions 
must be taken and the auxiliaries properly adjusted, and 
the loop impedance must be sufficiently high to permit 
an appreciable compensator setting. This has been 
proved by theory, tests, and actual field practise. 

The two regulators shown in Fig. 11 controlling the 



TQ LOAD 

A - rcCOCR BREAKERS 
8 - INDUCTION REGULATORS 
C - NETWORK TRANSFORMERS 
D - NETWORK PROTECTION 

)c,a x,-becon[>ary mains 

Pig. 11—Single-Line Diagram of Simplified Network 

System 

voltage of the feeders to the network transformers are 
connected in the standard way. If the compensators of 
each regulator are set for one-half the loop impedance, 
the regulator auxiliaries produce no restoring effort 
when the regulators are d%laced from each other an 
equal amount from the normal position. If one regula¬ 
tor is manually displaced from the normal position by 
X per cent in the boost direction, a circulating current of 

X . 

^ will flow where Z is the loop impedance in per cent. 

The voltage which acts on the primary relay of the 
regulator displaced is the regulated voltage 1 X less 
the voltage of the compensator, which in this case is 

^ X 2 “ regulator is released at 

this point, it will return to the normal position, since the 
primary relay voltage is higher than normal. However, 
suppose the regulator is held displaced and the action of 
regulator No. 2 examined. The primary relay voltage 


of No. 2 regulator will then be 1 -f and it will 

start toward the buck position. When it reaches X per 
cent from the normal position in the buck direction, 

2X 

the circulating current will then be The pri¬ 

mary relay voltage of No. 1 regulator is the normal 
voltage plus the boosted voltage less the product of the 
circulating current and the compensator setting. The 
product of the circulating current and the compensator 
setting is equal to the boosted voltage, i. e., 

2X Z 

^ X = X^> In other words, the compensation 

is equal to the voltage above normal caused by the 
action of regulator No. 1. Since the voltage of the 
compensator and the above normal feeder voltage are in 
opposition in the primary relay circuit, normal voltage 
is applied to the primary relay and no action takes 
place. The voltage of No. 2 primary relay is the normal 
voltage less the voltage below normal plus the com¬ 
pensator voltage. The resultant again gives normal 
voltage applied to the primary relay. 

It should now be noted that if the compensators are 
set for mything less than one-half the loop impedance, 
a restoring effort will result as the compensation is less 
than the voltage above normal caused by regulator No. 
1. The primary relay voltage therefore is greater than 
normal and will tend to cause regulator to return to 
normal position. If, however, the compensators are 
set for more than one-half the loop impedance, the com¬ 
pensation will be greater than the voltage above normal 
caused by regulator No. 1. Thus the primary relay 
voltage is less than normal and regulator No. 1 will not 
tend to return to the normal position but will go to full 
boost position. The opposite action takes place at 
regulator No. 2 and it will go to full buck position. 

Fig. 11 is a single-line diagram of a typical network. 
The load is shifted from the middle point, as shown, to 
a point adjacent to the network protector in order to 
check the stability of operation with different compensa¬ 
tor settings. This is accomplished by making Xx equal 
to zero and X^ equal to the impedance of the secondary 
mains. If the compensators are set to maintain a con¬ 
stant voltage at the load instability will result, since the 
action of the load current on the compensator of regula¬ 
tor No. 1 is greater than the voltage increase caused by 
the regulator. 

Table I has been prepared from calculations showing 
the load voltage and division of load current for different 
compensator settings with a concentrated load, of 100 
per cent at 80 per cent power factor with X, equal to 
zero, and varying values of X 2 . The table is based on a 
reactive circuit neglecting resistance, and the power 
factors given are based on the load voltage. The loca¬ 
tion of the load chosen in making up this table repre- 



October 1929 


WOLFERT AND BROSNAN: INDUCTION REGULATORS 


1129 


TABLE I 


Oompen* 
sator 
setting 
Per cent 

Load 

volt¬ 

age 

Percent 

Current 

Po-wer-factor 

Reactance 

X2 

PDR. 
No. 1 

PDR. 
No. 2 

PDR. 
No. 1 

PDR. 
No. 2 

PDR. 
No. 1 

PDR. 

No.2 

0 

96 ' 

66.7 

33.3 

80 

80 

10 

10 

10 

9 

99.5 

76.6 

27.2 

70 

98 

10 

10 

10 

8 

99.0 

74.0 

28.0 

72 

95 

10 

10 

10 

5 

97.7 

70.0 

30.6 

76 

87 

10 

10 

10 

0 

96.4 

60.0 

40.0 

80 

80 

10 

10 

5 

9 

99.6 

70.3 

33.1 

68 

97 

10 

10 

5 

8 

99.1 

67.6 

34.0 

71 

94 

10 

10 

5 

5 

98.0 

62.5 

37.6 

77 

85 

10 

10 

5 

0 

97 

50 

50 

80 

80 

10 

10 

0 

9 

99.7 

50 

50 

80 

80 

10 

10 

0 

8 

99.4 

50 

50 

80 

i 80 

10 

10 

0 


98.5 

50 

50 

80 

80 

10 

10 

0 

♦ 

99.6 

60 

40 

80 

80 

10 

10 

5 


"Compensator feeder No. 1 set at 9 per cent and compensator feeder No. 2 
set at 13.6 per cent. 


sents the most severe condition for obtaining regulator 
stability. A typical example of such a condition is at 
start of network operation when one building is sup¬ 
plied by two feeders and two network transformers. 
The table shows the action, both with and without reac¬ 
tance between network transformers. The table has 
been made only for single-phase regulators. 

It will be noted that as the compensator setting 
is decreased for a given system condition, there is more 
nearly an equal division of the reactive component of the 
load. Better load voltage and division of the load cur¬ 
rent also prevail when the reactance of the secondary 
mains is small in comparison to the feeder reactance. 

Tests have been made that fully verify all of the 
results given in the table. Actual operating experience 
also shows that stable operation of single-phase regula¬ 
tors is obtained and satisfactory voltage maintained in 
secondary system if care is taken in setting of the relays 
and compensators.® 

The operation of three-phase regulators on network 
feeders differs from single-phase regulators because of 
the manner in which they change the feeder voltage, 
(Fig. lA). The regulated voltage of all the parallel 
feeders from the same bus will have the same magnitude 
and phase relation only when the rotors of the regulators 
have the same relative position. An angular difference 
in the rotor positions will result in a voltage tending to 
circulate current. The phase and magnitude of this 
voltage will depend upon the relative positions of the 
rotors. 

The voltage causing circulating current of two three- 
phase regulators in parallel, one of which has its regu- 

5. Operating Experience mth the Low-Voltage A-C. Network 
in Cincinnati, by P. E. Pinokard, A. I. E. E. Quarterly Trans., 
Vol. 47, July, 1929. 


lator voltage B Y (Fig. 1a) at slightly less than 90 deg. 
from 0 B and the other slightly more than 90 deg. from 
0 B, will be approximately in phase with the voltage 
OB. Also any change in magnitude of the voltage 
causing circulating current will change the regulated 
voltage 0 y, applied to the primary relay, by approxi¬ 
mately the same amount. 

However, with the two regulators a few degrees apart 
but in such a position that voltage BY is nearly in 
phase with 0 B, the conditions are entirely different. 
In this case, although the voltage tending to circulate 
current may be of the same magnitude as that in the 
preceding case, it is nearly at right angles to the voltage 
OB. 

Furthermore, a change in magnitude of the voltage 
causing circulating current has no appreciable effect 
on the regulated voltage applied to the primary relay. 
Thus the voltage tending to set up a circulating current 
and therefore the circulating current itself can have a 
phase relation from practically zero to‘ 180 deg. with 
voltage OB. Consequently, satisfactory operation of 
three-phase regulators in parallel using standard con¬ 
nections may be obtained only when the loop impe¬ 
dance is comparatively high. 

The use of electrical interconnection becomes difficult 
when three-phase regulators are used because of the 
varying phase relation of the voltage causing circulating 
current. Mechanical interconnection of the regulators 
on the different feeders, however, will prove entirely 
satisfactory. The inherent phase displacement of the 
regulated voltage by three-phaseregulators may be over¬ 
come by the use of two three-phase regulators with their 
secondaries connected in series in such a way that the 
vector sum of their secondary voltage will always be in 
phase with the line to neutral voltage. The operation 
then become the same as single-phase regulators. 

Summarizing, the type of induction regulators to be 
applied to network feeders depends largely on the net¬ 
work and feeder characteristics. The leeders and net¬ 
work forming the loop between the regulators may be 
classed as low, moderate, and high impedance. It is 
desirable to interconnect mechanically both single- and 
three-phase regulators on low impedance loops. If 
single-phase regulators are used on low impedance loops 
electrical interconnection as shown in Fig. 10 may be 
successfully used. On moderate impedance loops single¬ 
phase regulators may usually be successfully operated 
without any interconnection while three-phase regula¬ 
tors should be mechanically interconnected. Either 
single-phase or three-phase regulators will operate 
satisfactorily on a high impedance loop using the stand¬ 
ard operating control circuit. 



The Electrification of the Mexican Railway 

BY J. B. COX> 

Associate, A. I. E. B. 


Synopsis.—The Mexican Railway Company, Ltd., locaUy 
known as Ferrocarril Mexicano, was the first railway built in Mexico, 
having been opened to traffic January 1, 187S. The main line 
runs between Mexico City and Vera Cruz and is 264 i^i- in length. 
There are six branch lines which increase the route miles to a total of 
482. The most difficult portion of the line consists of 19 mi. of 
4.7 per cent grade between Endnar and Boca del Movie where the 
tahle-land is reached. 

In 1921, when the road was returned to its owners, following 
five years of government operation, the property was found to be in 
an unsatisfactory .condition, with operating expenses more than 
doubled, thereby increasing the operating ratio from 0.51 in 1914 io 
0,79 in 1920. Higher wages and new working agreements were 
largely responsible and continued to become more difficult. The 
mountain division had about reached its maximum capacity with 
the existing equipment, making it necessary to consider improvements. 

A study of the operating costs of this section was made in 1921 
from which it was apparent that the electrification of that section 
would readily relieve the congestion and make it possible to more 
than double the capacity of the line and at the same time accomplish 
a yearly samng of $523,000 in operating expense. The electrifica¬ 
tion was estimated to cost $ 2 , 420 , 000 , thus indicating a return of 


21 per cent on the gross investment including electric locomotives, in 
addition to the increased capacity and many other advantages. 

Construction work was started in January 1923 and electrical 
operation between Orizaba and Esperanza was complete in January 
1925. The total cost for the 29 mi. section was $2,427,480.00. 
Internal disturbances delayed the work several months and reduced 
the traffic greatly. In March and April 1928 the traffic becomes 
comparable with that of September and October 1921, for which 
period the actual traffic records and operating costs for steam opera¬ 
tion had been used as a basis for comparison with the estimated cost 
of an equal traffic with electrical operation. 

A comparison of actual operating costs of items affected by electri¬ 
fication for the two periods showed that 10 electric locomotives had 
hauled 36 per cent greater tonnage in 40 per cent less train hours 
than had 25 steam locomotives and at 50 per cent of the cost for items 
aff ected. When the figures were properly adjusted to compensate for 
increased tonnage and higher wages the saving indicated was at the 
rate of $663,348 per year, a return of 26 per cent on the total cost 
of the electrification. 

In the meantime the general results had been so satisfactory thaJt 
the electrification was extended 35 mi. south to Paso del Macho, 
making a total of 64 mi. at a cost of $3,606,937.00. 


T he electrification of the Mexican Railway (Per- 
rocarril Mexicano) is of special interest as being 
the first undertaking of this nature carried out in 
old Mexico. The initial study of the problems involved 
was made in 1921 and a contract was signed for the 
construction work and for the electrical equipment in 
1922. The work was completed and electrical opera¬ 
tion started in 1925. 

The operation has been so conspicuously successful 
that it would now seem to be of general interest to 
describe many of the details of construcHon and to give 
such operating data as are available. 

The main line of the Mexican Railway extends from 
Mexico City to the Gulf Coast at Vera Cruz and is 
264 mi. in length. There are six branch lines, Tnaking 
the total length: 

TABLE I 

_ STANDARD GAGE (4 FT. 8H IN.) 

Miles 

Vera Oruz to Mexico. 264 

Aplzaco to Puebla. !....'.!!!!! 29 

Ometusco to Pacbuca.*"' 29 

Fachuca to Ixmiquilpan. !,!! ' 6 i 

373 

Sidings and Second Track. 74 

447 

NARROW GAGE 

Huajuapam Branch (3 ft.). 50 

Zacatlan Branch (2 ft. 6 in.). 33 

Huatusco Branch (2 ft.).. 1 ... . . . . .. 20 

109 

Total mileage. 


1. Qeiisral Slectrio Co., Schenectady, N. Y. 

Presented at the Summer Convention of the A. I. E. B„ Swamv- 
scott. Mass., June 24-28,1929. ^ 


Prom Mexico to Esperanza the line follows the general 
contour of the plateau, resulting in frequent reversal 
of gradients, but none exceeding 1.5 per cent. The 
elevation at the terminus in Mexico City is 7346 ft. 
The highest point on the line is near Acocotla, 95 mi. 
from Mexico, at an elevation of 8320 ft., a rise of about 
1000 ft. Prom this point to Esperanza, a difitn.Ti<^e of 
58 mi., the drop is 240 ft. with the surface undulating 
as before. 

At Boca del Monte (The Mouth of the Mountain), 
2.8 mi. west of Esperanza, the plateau ends suddenly 
and the descent for the following 19.0 mi. to Encinar 
is very rapid. 

At Santa Rosa the line enters the valley of the Rio 
Blanca and the grade becomes normal on to Orizaba. 

Prom Orizaba to Paso del Macho the drop is con¬ 
siderable though much less rapid than that just de¬ 
scribed. In the 35 mi. there is a descent of 2466 ft. 
There are some comparatively long sections of tangent 
track, and the curves, except in the loop on the Metla 
Baranca, are not unusually numerous or seriously 

sharp. Pig. 1 shows a condensed profile of the electri¬ 
fied line. 

The section from Paso del Macho to Vera Cruz, 48 
mi. in length, is a gradual descent from an elevation 
of 1560 ft. to sea level, the ruling gradient being ap¬ 
proximately 1.7 per cent and the alinement normal. 

The promotion, the construction, and the opei'ation 
of this road, the first to be built in Mexico, have all been 
in close synchronism with the interesting and tumul¬ 
tuous history^ of the country. The original charter 
was obtained in August 1855, but it was 18 years later, 
or in January 1873, that the road was formaUy opened 
to through traffic. 
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With the comparatively settled conditions which 
gradually came about with the ascendency of Porfirio 
Diaz as President, the property became more prosperous 
and before the beginning of the disturbance leading to 
his abdication had been brought into splendid con- 


The imsettled conditions that had existed in the 
country for the preceding 10 years and the taking over 
of the railroad by the Government between 1914 and 
1920 rendered the records for any of this entire period 
unsuitable for forming a basis for the usual method of 



Fig. 1—Plan and Condensed Pkofile fbom Esperanza to Paso del Macho, 
Electrified Section of Mexican Railway 


dition. However, the revolution of 1910 suddenly 
brought an end to this prosperity and resulted in the 
road being taken from its owners for operation by the 
new Government in November 1914, under which 
control it remained until August 1916 when it was 
returned. It was again seized in April 1917 and 
held until June 1920. 

When the property was returned to the owners, the 
line and equipment were found to be in very poor con¬ 
dition as practically no new apparatus or supplies had 
been purchased and the stores had been depleted. 
When the owners took charge of the road in 1920, many 
of the locomotives and cars were found to be in an in¬ 
operative condition with little material or supplies on 
hand with which to make repairs. New difficulties 
were also encountered in the nature of strikes which 
added greatly to the already difficult task of handling 
the increasing traffic. 

In the fall of 1921, the business on the railway had 
grown so that it became very difficult to get the traffic 
over the mountain division from Orizaba to Esperanza 
which had always been the proverbial bottle neck. 
On October 25 a total of 14 trains, two of which were 
passenger, an aggregate of 4648 tons, was taken up 
the mountain, establishing a record for the division and 
indicating that the economic capacity of the single track 
line with existing t 3 q)e of motive power had been 
reached. 

In November 1921 a study of the mountain division 
was begun for the purpose of determining the results 
that might be expected from the electrification of this 
congested district. About two months were spent in 
looking over the line and equipment, studjdng the 
conditions and securing operating data and costs. 
An equal time was required to analyze these data, es¬ 
timate the cost of electrification, the savings in operat¬ 
ing expenses that would result, and to prepare a report 
which, was submitted in April 1922. 


estimating the traffic that might reasonably be expected 
over the line for the following years. 

Operating expenses had also been abnormally affected 
during the int^al by substantial increase in wages, as 
well as by unusually expensive working agreements 
insisted on by newly formed labor organizations. 

The semi-annual reports of the Mexican Railway for 
the six months ending December 31, 1920, the first 
period of operation after the return of the property by 
the GovCTnment, compared with a giTYiilftr period of 
1913, the last six months of operation by the owners 
prior to Government operation, for which the records 
were available, indicates increased costs as follows: 


TABLE II 





Increa 

se 

, 

1913 

1920 

Amount 

Ratio 

Maint. of way and structures. 

$195,755 

$379,652 

$183,897 

1.94 

Maintenance of equipment.... 

245.607 

625,256 

389,650 

2.65 

Oonducting transportation.... 

720,148 

1,563,682 

843485 

2.17 

General expense. 

105,120 

199,760 

94.640 

1.90 

Total operating expenses. 

$1,256,630 

$2,768,350 

$1,511,672 

2.20 

Gross receipts. 

2,484,018 

3,504,847 

1,020,829 

1.41 

Net receipts. 

1,227,388 

736,497 

490,891 

.61 

Operating ratio. 

.51 

.79 

• • 

1 


The comparative costs of the items that would be 
most directly affected by electrification for the above 
period were: 





Increase 


1913 

1920 

Amount 

Ratio 

Repairs to locomotives. 

$ 88,875 

3280,463 

S191.588 

3.15 

Enginemen and roundbouse... 

72,931 

236,673 

163,742 

3.24 

Fuel for locomotives.. 

244,202 

359,071 

114,869 

1.45 

Train service. 

80,295 

200,008 

119,713 

2.49 

Total. 

$486,303 

$1,076,215 

$589,912 

2.21 


An analysis of the above comparative cost indicated 
that the motive power in use on the system should 
receive careful consideration. 
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The management of the railway suggested that the 
months of September and October 1921 should be taken 
as a basis for the study, since the traffic conditions and 
operating costs during that period were more representa¬ 
tive of anticipated future conditions than any other 
period for which records were available. 

The mountain district constituting the line between 
Orizaba and Esperanza, a distance of 29.5 mi., was then 
operated as a separate district and accurate operating 
expenses and statistics for steam operation were readily 
available for comparison with corresponding estimated 
costs of electrical operation. 

The line between Orizaba and Paso del Macho was 
also included in the original study but since this was 
operated with the remainder of the line on into Vera 
Cruz, and the result of electrification could not be so 
definitely determined until an exact schedule of opera¬ 
tion had been decided upon, only an approximate 
estimate was made for this section. 

Of the 29.5 mi. between Orizaba and Esperanza, the 
19 mi. between Encinar and Boca del Monte, which 
had been given careful consideration in the original 
survey, again became the determining factor relative to 
motive power. The actual rise in the 19 mi. is ap¬ 
proximately 3500 ft., equal to an uncompensated grade 
of 3.5 per cent. With the exception of the first 2.5 
mi. of this heavy grade just out of Encinar there is 
practically no tangent track, but continuously reversing 
curves, many of which are on a radius of 351 ft., 
equivalent to 16.5 deg. 

In locating the line, it was apparently intended to * 
keep the uncompensated grade at a maximum not to 
exceed 4 per cent and the maximum curve at 16.5 deg. 
During the study, it was learned that some new con¬ 
solidation type locomotives that had been recently 
purchased and were temporarily being used on this 
division had failed to handle satisfactorily the weight of 
train they had been calculated to handle on the heavy 
grade. 

The above engines were expected to be capable of 
taking a trailing load of 250 tons up the mountain 
grade. In practise, it was found that it was not practi¬ 
cable for them to take more than 175 tons, which repre¬ 
sents a coefficient of adhesion of approximately 20 
per cent on a grade of 4.7 per cent. Since the profile 
did not indicate a grade in excess of 4 per cent, or curva- 
txire greater than 16.5 deg. at any point, an investigation 
was made which indicated that there were certain points 
on the line where the engines stalled from the slipping 
of drivers and as there was no indication that the 
condition of the rails at this point was responsible an 
engineer was sent to check the grade. 

It was found that short sections of track from 300 to 
500 ft. in length showed actual uncompensated grades 
as high as 4.4 per cent which when properly compen¬ 
sated for curvature would make the maximum grade 
5.24 per cent. The average uncompensated grade 
for the 1.24 mi. which represented the section of greatest 


difficulty, was found to be 3.95 per cent, which when 
compensated for 16.5 deg. curvature at the rate of 
0.90 lb. per deg. is equivalent to a grade of 4.7 per cent. 
Accordingly, this was taken to be the ruling grade for 
the division in the specifications for electric motive 
power. 

The average weight of the passenger trains over the 
road was 215 tons, but these trains varied from 165 to 
350 tons. 

The steam locomotives that had generally been used 
for handling both freight and passenger trains on this 
division consisted of 32 four-cylinder Fairlie engines, of 
English build. These engines were designed especially 
for mountain service, having pack-saddle type tanks 
for fuel oil and water over a double-ended boiler 
which was mounted on two 3-axle swivel trucks, all 
the weight being on the drivers. 

The engines had the appearance of two 3-axle switch¬ 
ing locomotives coupled with cab ends together. 

The fire-box was in the middle of the engines and 
contained two oil burners, the cab being over this 
central portion and the engineer located on one side 
of the boiler with the fireman on the opposite side. 
The engines ran equally well in either direction, and 
having a comparatively short rigid wheel base with all 
weight on the drivers at once deprived the electric 
locomotive of three of its usually boasted advantages. 

The 32 engines were all of the same general type but 
of variable ages and weights as follows: 


5 weighing, with full tanks. 167,428 lb. 

12 weighing, with full tanks. 216,540 

10 weighing, with full tanks. 221,000 

2 weighing, with full tanks. 267,885 

3 weighing, with full tanks. 305,835 


The first five of the above engines were not being 
used at the time, as ten new locomotives of the con¬ 
solidation type had just been received and some of 
these were being substituted temporarily. 

The weight of these new locomotives was as follows; 


Weight on drivers. 170,5401b. 

Weight on guiding axles. 21,952 

Weight of tender loaded. 119,775 


Total. 312,267 1b. 


During the months of September and October 1921 
there had been taken over the division a total of 474 
trains south bound, with an aggregate tonnage of 
108,749 gross metric tons, and 622 trains with aggre¬ 
gate gross metric tonnage of 197,220, north bound. The 
total hours of elapsed time, or the hours for which the 
engine and train crews were paid between Orizaba and 
Boca del Monte where the helper locomotives on the 
freight trains were usually left off, were 1574 for the 
south bound and 2756 for the north bound traffic, 
making the average times for each train over the 
25.4 mi.: 
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South bound North bound 


Running. 2 ft. 30 in. 3 ft. 39 in. 

Delayed. 0 ft. 49 in. 45 in. 

Elapsed. 3 ft. 19 in. 4 ft. 25 in. 


This represented an average schedule speed of 7.66 
mi. per hr., and 5.7 mi. per hr. respectively for the 
south bound and north bound trains, and an average 
delay of 47.4 min. per train or 25 per cent of the running 
time per train. 

Practically all freight trains, and most of the pas¬ 
senger trains, required two engines. In the case of the 
passenger trains, both Pairlie engines were placed at the 
head of the train with a box-car between and with the 
freight trains an engine was placed at each end. 

The average weight of the trains up grade was 317 
metric tons or 350 U. S. tons. The down-grade tons 
were considerably less, as almost two-thirds of the 
traffic was north bound. 

The average wage of the enginemen and trainmen 
on the Mexican Railway at the time was approximately 
as follows, based on an 8-hour day or 100 mi.: 



Pesos 

Dollars 


per day 

per day 

Engineers. 

.... 12.00 

$6.00 

Firemen. 

6.00 

3.00 

Conductors. 

. 11.00 

5.50 

Brakemen. 

.... 5.28 

2.69 


The operating data and actual costs of the steam 
operation for the months of September and October 
1921, were taken as a basis for estimating the saving 
that might be expected to result from the electrification 
of the Orizaba-Esperanza district. 

Only the items of operating costs which would be most 
vitally affected were considered. The estimate as 
submitted in the report follows: 


TABLE III 



Steam 

Electric 

Saving 

Ratio 
steam to 
electric 

Wages of enginemen. 

$108,802 

$ 31,354 

$76,538 

3.44 

Wages of trainmen. 

85.290 

23,191 

62,099 

3.68 

Fuel and power. 

221,790 

150,000 

71,790 

1.48 

Repairs to locomotives. 

355,248 

51,111 

304,157 

6.95 

Enginehouse expense. 

20,946 

5,841 

15,105 

3.57 

Lubricants. 

16,656 

2,921 

13,735 

5.70 

Substation oper. and maint... 

• • 

11,750 

» . 

• • 

Maint. distributing system... 


9,625 



Total. 

$808,822 

$285,793 

$523,029 

2.82 


The estimated cost of the electrification as submitted 
was: 

lO-150-toii electric locomotive units.. $1,420,000 

1-6000-kw. substation. 350,000 

30-Route miles distributing system... 430,000 

Engineering and contingencies.... 220,000 

Total gross capital investment.. $2,420,000 


The report accordingly indicated a probable saving 
of $523,029 per year by the expenditure of approxi¬ 
mately $2,420,000, or a return of slightly more than 21 
per cent on the gross investment which included electric 
locomotives. 

A similar study of the line between Orizaba and Paso 
del Macho was made at the same time, but as the 
savings that seemed probable were sufficient for a 
return only about half that of the Orizaba-Esperanza 
district, the report recommended that only the latter be 
undertaken in the beginning. 

After a very careful examination of the report by 
the operating, department of the railway, it was 
approved and recommended to the board of directors. 

In October 1922 a contract was made for the re¬ 
quired equipment and materials including the general 
supervision of the installation. 

Actual work on the ground was begun in January 
1923 and the work was completed and all trains were 
being hauled electrically by January 1925. 

Just when the construction work had been fully 
organized and got well under way it was almost 
entirely stopped from the middle of December 1923 to 
May 1924 by the rebellion which occurred at that time. 
This interruption caused several months’ delay and 
considerably increased the cost of the work. 

The work was done almost entirely with native labor 
which had to be trained for the work. Three super¬ 
vising engineers were placed in direct charge of the 
distribution, the substation, and the Jocomotives re¬ 
spectively, reporting to the resident engineer of the 
railway company, in cooperation with the general 
engineer of the contractor. 

The Distribution System 

The simple catenary system, with double 4/0 trolley 
on the main line and single 4/0 trolley in yards and 
passing tracks, similar to that used on the C., M., St. P. 
& P., was adopted. Concrete poles were first selected 
for the supporting structure but it was found that 
several hundred old 30-ft., 82-lb. rails which had been 
replaced were on hand and that there was no market for 
these where the price offered would justify handling 
and transportation charges. 

Some sample poles were made up from these rails 
by electric welding and tested for deflection and breaking 
strains which resulted in a decision to use these as far 
as the rails would supply the demand. 

Of a total of 1920 poles made, 405 were concrete 
costing $45.52 each and 1515 were made from old rails 
costing $34.00 each. Figs. 2, 3, 4, 5, and 6 show both 
types of poles and typical examples of the overhead 
construction. Most of this work was done by contract, 
the unit price being fixed after sufficient experience had 
demonstrated a fair price. Bracket construction- was 
used where possible, except where the poles supported 
feeder wires and it was desirable to avoid crossing these 
over the tracks too often. In such cases, as between 
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Boca del Monte and Alta Luz, the feeder cables were In addition to the two 4/0 trolley wires two 500,000- 
kept on the upper side of the track by having the poles cir. mil positive feedCTs and one 4/0 negative feeder 
continuous on that side, irrespective of the curves, cable were installed from Orizaba to Boca del Monte. 

____ The feeders were carried on separate poles at 4 points 

I R / where the railway made long loops. The advantage 

^ I — ” IK / thus gained was the reduction of feeder length from 

\ aL • single substation for the 

i /j 29.5 mi. was located near Maltrata and was almost an 

I , ' /^ equal distance from each end of the feeder circuit, 

. / : / / I 10.2 mi. in length on either end. Only a single 500,000- 

i j I cir. mil feeder was used between Boca del Monte and 

I . ill Esperanzaas the grade here was comparatively light. 



Fig. 2 Overhead Line in Nogales Station Showing Span 
Construction w'ith Concrete Poles 




Fig. 5 Overhead Construction at Entrance to Parage 

Nuevo Yard 


Fig. 3—100.000- and 42,000-Volt Transmission Lines Cross¬ 
ing Railroad Tracks 











Fig. 4r^OvERHEAD Construction on Curve Just Below 

Cordoba 

thus using cross-span supports where the curves were 
outward from the upper side of the slope. This also 
prevented interference with the magnificent view from 
tfie car windows overlooking the valley. 


Fig. 6 Typical Overhead Construction on Bridge at 

Rio Seco 

A similar feeder was used from the substation to the 
middle of the Bota loop, making it unnecessary to 
mstall any feeders along the railway between Bota and 
Alta Luz where the curvature was greatest, since this 

ofad^^le t^t 

The voltage drop over the line between Orizaba and 
Esp^nza with a 665-ton trailing freight train, also a 
325-ton pa^enger train, is shown in Fig. 7. The dron 
up the grade with the heavier train was a maximum of 
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Train Na34(FnBiqht) 
LOC0.10Q3 on Head End 
Loco 1005 Helper 
603 Tons (Metric) 

20 Cars and Caboose 
KMtbr Delivered tor- 
Substation 4240 
|46.5«t 4080 

Trolleg 4350 

Loca 4100 

June. 1925 


Santa Itosa Rio Blanco Orizaba 
6:25 j 5:33 U 5:15 am. 



Train No 3 (Passenger) 

_ Loco 1002 

|<VML to Trans^ 296 MetricTonsinOCars 
Tuxpanqo Consumption 

Delivered to{- 
Substation 2510 
M.6.Set 2460 

TPoHeg 3050 

Loco. 1890 


June. 1935 


IVizaba 

LvlOOS 


7 Typical Kilowatt Curve with Volt and Ampere Reading for Freight and Passenger Trains 


400 volts, 13 per cent, the average drop being 235 volts 
or 7.6 per cent. 

A single 250,000-cir. mil electrically welded bond was 
used throughout. The cost of installation including 
oil and gasoline was 61 cents each. Pressed steel 
track ties were in use over most of the line and were 
replacing wood ties as the latter required it. 

The trolley and feeder lines were sectionalized at 
Nogales, Maltrata, Alta Luz, and Boca del Monte. 

At Orizaba the yards consisted of eight tracks located 
between the shops on one side and the station, store¬ 
houses, and round-house on the other side. 

The ground at points was soft and the use of guy 
wires was quite objectionable generally and impracti¬ 
cable at many points. Towers were made up from 
62-lb., discarded rails which were capable of supporting 
the wiring necessary for the 8 trades. Special ex¬ 
tensions were made which provided foundations at a 
reasonable cost which rendered gu 3 dng at any point 
unnecessary; 44 of these towere were used in the 
Orizaba yard and 33 in the Cordoba yard, the latter 
costing $102 each. Other lighter towers also made 
from old rails were used at bridges. The cost of these 
towers was $75.48 each, Fig. 6. 

There are seven tunnels on the first electrification, 
seven on the Cordoba, and two on the Paso del Macho 
extensions, a total of sixteen, all but two of which are 
on curves. 

The total cost of the 29.5 mi. of distribution system 
including poles and fixtures was $462,011 or $15,661 
per route-mile. 

In 1926 the trolley line was extended from Orizaba to 
Cordoba, 16 mi. south, making a stub end feed from the 
Maltrata substation approximately 29 route-miles 
but feeder cut-offs at loops reduced the feeder length to 
about 25 mi. 

This construction was similar to the original except 
that rail poles were used exclusively; Two 500,000- 
cir. mil copper feeders were used almost the entire 
distance. The total cost of this extension was $233,556 


or $14,697 per route-mile. The estimated cost was 
$231,500, but did not include the complete wiring of 
the Cordoba yard as was done. 

In May 1928 the electrification was extended from 
Cordoba to Paso del Macho, 18 mi. farther south, 
making the total electrification 64 route-miles. A 
second substation was located at Potrero, approximately 
39 miles from Maltrata and 8.5 mi. from Paso del Macho. 
The trolley construction on this last extension was the 
same as on the Cordoba extension except that only a 
single 500,000 cir. mil copper feeder was used between 
Cordoba and Potrero and no positive feeder at all 
from the substation to Paso del Macho. 

Non-ferrous materials were used for hangers and 
span wires and copper weld messenger on the last ex¬ 
tension, as this section is nearing the seacoast and it 
seemed advisable to use such material where steam 
locomotives are expected to operate at all frequently 
under the wires. 

Substation Equipment 

The original substation located at Maltrata contains 
two 3000-kw., 3000-volt d-c. three-unit synchronous- 
motor generator sets for supplying power to the original 
29.6 mi. electrification. Fig. 8 shows a plan of the 
Maltrata substation. Fig. 9 the interior of the generator 
room, and Fig. 10 a schematic diagram of the wiring of 
the 3000-volt d-c. generators. 

Power is purchased from the Puebla Tramway Light 
& Power Company at 42,000 volts, 60 cycles. Ample 
provision is made for housing all of the substation equip¬ 
ment, the transformers and high-tension switching 
occup 3 dng about one-half the building. The other 
half of the station is occupied by the motor generator 
sets and switching equipment; each motor generator 
set is protected by a high-speed circuit breaker and each 
of the outgoing feeders has also the same protection. 

With the extension of the electric zone to Paso del 
Macho, making the total length of route approximately 
64 mi., a second substation was installed at Potrero. 
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The power demands for this portion of the line, however, 
are much lighter on account of the easier grades, and 
this station contains two 1500>kw. units which are 
siinilar in other respects to the original equipment. 



Pig. 8—Plan of Maltrata Substation Showing Location 

OF Apparatus 

This station is also supplied from the 42,000-volt, 
three-phase, 60-cycle circuit which forms a part of the 
power company’s network. 

Each substation building provides the necessary 



articulated-truck type capable of operating at a maxi¬ 
mum speed of 40 mi. per hr. and provided with equip¬ 
ment for regenerative electric braking. 

The cab is of the box type mounted on two equalizer 
frames which in turn are carried upon three two-axle 
trucks. The motors are twin-geared to each axle 
through cushion type gears. 

The motors are designed for 1500 volts per com¬ 
mutator, two being connected permanently in series. 
An unusual feature of this locomotive is the provision 
for removing the motor wheels and axle from any of the 
trucks without lifting the cab. These units are so 
constructed that the wheels, axle^ and motor can be 
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Pia. 9 Interior of Maltrata Substation Showing two 
3000-iKw., 3000-Volt Motor-Generator Sets and High- 
Speed Circuit Breakers 

space ana loundations for a third unit when required. 
The equipment used is standard, being similar to that 
suppUed the Chicago, Milwaukee & St. Paul, the 
Spanish Northern, and the Paulista Railways. 

Electric Locomotives 

The initial motive power equipment for the Orizaba- 
Esperanza section included ten locomotive units suit¬ 
able for handling both passenger and freight service. 
These locomotives are of the twin-geared six-motor 


dropped into the pit after first disconnecting the motor 
leads or the wheels and axle may be taken out alone by 
propping up the motor and side frames. 

The auxilia^ machinery consists of a 3()00/1510-volt 
dynamotor with a 65-volt control generator mounted 
on the shaft extension; a 1500-volt regenerative exciter 
set; two 1500/3000-volt motor-driven blowers and two 
1500/3000-volt air compressors. The two blowers and 
the two compressors normally operate in series across 
the 3000-volt circuit with their mid-points connected to 
.the mid-point of the dynamotor for equalization. The 
regenerative exciter set operates from the 1500-volt 
circuit of the dynamotor. The scheme of operation 
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provides a means for operating one compressor or one 
blower from the 1500-volt dynamotor bus in case of 
failure of the other unit. This arrangement also 
permits of operating the compressors and blowers in 
case of the failure of the dynamotor. 

The locomotives are equipped with electropneumatic 
control for non-automatic multiple unit operation. A 
master controller in the engineman’s cab at each end is 
arranged to give a total of 31 accelerating steps, dis¬ 
tributed through the three groupings of the motors, 
a full-field and two reduced-field running steps with 
each of the three combinations. This gives a total 
of nine running points which, for a given tractive effort 
of 50,000 lb. and 2700-volt line, corresponds to a speed 
range of from approximately 5J4 to 26}4 mi. per hr. 
and correspondingly higher speeds with lighter loads. 

The main motor circuits are protected by a high-speed 
circuit breaker which also serves as a line breaker as 
well as to give overload and short-circuit protection. 

Current is collected from an overhead slider panto¬ 
graph, one of which is located at each end of the cab 
roof. These collectors have a range of from 15 ft. 5 in. 
to 24 ft. above the top of the rail. 

With the extension of the electrification from Orizaba 
to Paso del Macho additional motive power was re¬ 
quired and for this purpose two locomotives, duplicates 
of the original design, have recently been delivered. 
Pig. 11 shows a locomotive attached to a regular pas¬ 
senger train at the Maltrata station. 

Below are given the electrical and mechanical data 
on these locomotives: 

TABLE IV 


DATA ON ELEOTRIO LOCOMOTIVES 
BLBOTRIOAL DATA 


Nominal voltage of system. 

Tractive efi., I hr. blown (3000-volt). 

Speed at 1 hr. rating, full Held. 

Total horsepower, 1 hr. 

Tractive ell., con. 3000-volt full Held. 

Speed at continuous rating, 3000-volt. 

Total horsepower, continuous. 

Number of motors. 

Type of motors. 

Gear ratio. 

Tractive efl. at 30 per cent tract, coef. 

3000-volt d-c. 

64,000 lb. 

19 m. p. h. 

2736 

48,500 

19.5 m. p. h. 

2520 

6 

GB-.278-A-1600/3000 volts 
90/18-6.00 

92,700 lb. 

MBOHANIOAL DATA 

Track gage. 

Wheel arrangement... 

Diameter of drivers.. .. 

Number of driving axles.... 

Total wheel base. 

Max. rigid wheel base.. 

width overall. 

Height over trolley locked down. 

Length inside knuckles. 

4 ft. 8)4 in. 

04440 

46 in. 

6 

40 ft. 6 in. 

9 ft. 2 in. 

10 ft. IH in. 

15 ft. 2 in. 

52 ft. 11 in. 

WBIGHTS 


Total weight on drivers. 

Dead weight per axle. 

Dlec. and air brake eauipment.;.. 

Mechanical equipment.... 

309,000 lb. 

12,150 lb. 

135.000 lb. 

174,000 lb. 


Transmission Line 

A 42,000-volt transmission line 17 mi. in length was 
constructed from the Tuxpango hydroelectric generat¬ 


ing station of the Puebla Tramway Light & Power Co. 
to the Maltrata substation. Twin lines of 1/0 alu¬ 
minum cable are supported on steel ‘‘A” frames with 
anchor towers at proper intervals. 

A similar line of approximately the same length but 
with only a single set of conductors is now under con¬ 
struction from the same generating station to the new 
substation at Potrero. In the meantime the power 
company’s line to Vera Cruz which the new line 
parallels is being used and switching arrangements are 
provided in the substation for reciprocal use of the 
lines when desirable. 

Electrical Operation 

The Orizaba-Esperanza section has now been in 
complete operation electrically since January 1925, 
thus making available the records for four full years of 
operating data and costs. 

The great reduction in business resulting from the 
unsettled conditions caused by the disturbances of 1924 
as well as new labor agreements and increased wages 



Fig. 11— Passenger Train with 150-Ton, SOOO-Volt Loco¬ 
motive AT Maltrata Station 

had tended to make direct comparisons of operating 
costs look less favorable than they really were. A 
decrease in the tonnage to be hauled reduces operating 
costs to an extent but unfortunately, not nearly in the 
same proportion and the capital charges remain practi¬ 
cally the same. On the other hand increased wages 
and higher costs of fuel and materials usually tend to 
make electrification comparatively more profitable. 

, The operation has been very satisfactory and success¬ 
ful throughout. No serious difficulties have been 
encountered with any portion of the equipment. This 
may be measured fairly by reference to the complaint 
bill for the usual guarantee period which was less than 
$3,000. 

The general performance of the equipment may best 
be judged by the costs of maintenance, a fair average 
of which is given herein. 

During the months of March and April 1928 the 
traffic over the Orizaba-Esperanza section reached a 
new maximum which was somewhat in excess of that 
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for steam operation which had been attained during the 
months of September and October 1921 which was used 
as a basis in the original study. This offered a favor¬ 
able opportunity for comparing actual results of electri¬ 
cal operation with that for steam operation, as well as 
to check the estimates in the report leading to the 
electrification. 


about 42 per cent, which higher rates were in effect in 
March and April 1928. The increases were: 



1921 

1928 

Per cent 

Enginemen per round trip... 

$6.00 

$8.88 

48.0 

Firemen per round trip. 

2.88 

4.44 

54.1 

Conductors per roimd trip... 

5.50 

7.20 

30.9 


Detailed tabulations of the operating records for 
March and April 1928 with electrical operation were 
prepared for comparison with similar records as used 
in the report for September and October 1921 with 
steam operation. 

A summary of this comparison follows: 


TABLE V 


Difference 


Per cent 


Number of trains run. 

Number of cars handled... 
Number of tons handled.. 
Number of train hours... 
Number of tons per train. 
Number of cars per train. 
Number of hours per train 
Oost enginemen's wages.. 
Cost trainmen’s wages.... 
Oost fuel oil or power.... 
Cost locomotive repairs.. 

BSnginehouse expense. 

Lubricants. 

Substation operation. 

Trolley maintenance. 


85 
3»a02 
110,068 
1,859 
133 
4.27 
1.49 
! $ 3.417 
3,501 
5,825 
53,239 
1,446 
2.684 
2,154 
856 


Total cost items affected... 


S67,102 


Brakemen per round trip_ 2.69 3.60 33.8 

The wages of mechanics and others employed in the 
repair and care of locomotives were also proportionally 
increased but last year and the year previous thereto 
considerable reductions were made in this class of labor, 
to such an extent that no adjustment for wages in cost 
of repairs was considered necessary. 

The average price paid for fuel oil during the months 
of September and October 1921 was $1.09 per barrel 
but the price paid for same in March and April is given 
as $1.29, an increase of 18 per cent. 

In adjusting the cost of steam operation for September 
and October 1921 for the 36 per cent increase in traffic, 
it was considered inaccurate to assume that the cost 
would increase in the same proportion, since the number 
of trains required to handle the traffic is almost en¬ 
tirely determined by the northbound or up-hill traffic 
which exceeded the southbound by 32 per cent during 
March and April. It is also possible to take consider¬ 
ably heavier trains down than up the mountain grade. 

The adjustment for increased traffic was consequently 
made on the basis of the increased number of steam 
trains that would have been required to handle the 


Briefly stated, the 10 electric locomotives during 
March and April handled 36 per cent more tons than 
was handled by more than double the number of steam 
locomotives during September and October, with 8 
per cent less trains and in 40 per cent less train hours 
on the road, and at 50 per cent of the correspon ding 
total cost of steam operation for 26 per cent less tonnage 
handled; thus accomplishing a saving of $67,102 for 
the two months, or at the rate of $402,612 per year, 
which alone represents a return of more than 15 per cent 
on the gross cost of the electrification inclu ding electric 
locomotives. "However, this amount does not represent 
actual saving since the cost of all classes of labor had 
considerably increased during 1922 and 1923 so that it is 
necessary to acijust the costs of the steam operation to 
have them indicate what they would have been if the 
increased traffic of March and April had been handled 
by steam and at the higher rate of wages, as was done 
by the electric locomotives. 

Between October 1921 and the end of 1923 and before 
the electrifica.tion had been completed, new contracts 
were made with practically all labor involved in Ihese 
operating costs, under the terms of which the rates of 
pay were matenally increased. Enginemen’s and 
trainmen’s wages were increased on an average of 


northbound business. 

The passenger trains run north in March and April 
numbered 122 as against 89 in September and October, 
an increase of 33 trains. 

The freight tonnage hauled north for the same period 
was 195,357 and 175,625, respectively, an increase of 
19,732 tons. At an average of 330 tons per train 
which is the exact record for the steam locomotives, 
60 additional freight trains would have been required to 
handle this excess freight tonnage, making a total in¬ 
crease of 93 trains or 14.96 per cent. On an already 
congested single-track line with infrequent passing 
tracks, a 14.95 per cent increase in the number of trains 
would ordinarily consid^ably lengthen the time per 
train, and consequently incn'ease the cost of wages and 
fuel, but since the enginemen and trainmen are paid by 
the trip if made in ordinary time, and the run being 
unusually ^ort, no allowance was made for this item. 
It was considered conservative to assume that all other 
costs of the items listed would be increased in approxi¬ 
mately the same proportion as the number of trains 
operated, that is, 14.95 per cent. 

When the costs of steam operation were adjusted on 
this basis as outlined, the direct comparison between 
steam and electric operation for traffic handled in 
March and April 1928 was: 
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Steam 

Electric 






xkeaucraon 


Sept. 

'VTfl.iv^'h 




& Oct.. 

& April 

Amount 

Percent 

Snginemen* . 

$30,991 

$14,565 

$16,426 

53 

Tradzunen. 

21,722 

10,721 

11,001 

50 

Fuel or power. 

50,139 

31,140 

18,999 

38 

Repair locomotives. 

68,059 

5,969 

62,090 

91 

Euginehouse expense. 

3,898 

1,945 

1,953 

50 

Lubricants. 

3,191 

92 

3,099 

97 

Substa. oper. maint. 


2,154 



Trolley oper. maint. 


856 



Total. 

$178,000 

S67,442 

$110,558 

62 


In order to directly compare the above with the 
estimate in the original study on this subject the costs 
were placed on a yearly basis as follows: 



Steam 

Electric 

Enginemen. 

$185,946 

$87,390 

Trainmen. 

130,332 

64,326 

Fuel or power. 

300,834 

186,840 

Bepalrs to locomotives... 

408,354 

35,814 

Englnehouse exp. 

23,388 

11,670 

Lubricants. 

19,146 

552 

Substa. oper. meilnt. 

, , 

12,924 

Trolley oper. maint. 


5,136 

Total. 

$1,068,000 

$404,652 


Saving 


Indicated 

Estimated 

$98,556 

$76,538 

66,006 

62,099 

113,994 

71,790 

372,540 

304,137 

11,718 

15,105 

18,594 

13,735 

$663,348 

$523,029 


The above indicated yearly saving of $663,348 in 
favor of electrical operation is 27 per cent greater than 
the estimate, but this was readily accounted for by the 
36 per cent greater tonnage handled since any material 
increase in traific should increase the savings also, and 
in a greater proportion. 

This annual saving represents approximately 26 per 
cent earning on the gross cost of the electrification of 
the Orizaba-Esperanza district, which alone should be 
a very satisfactory result but other more indirect savings 
which cannot be so accurately segregated, such as 
wear on wheels and brake shoes, reduction of accidents 
from broken wheels due to over-heating while braking 
would, if fully valued, add many hundreds of dollars 
to the credit of electrical operation. 

Perhaps the most valuable unlisted asset in the 
electrification* is the increased capacity of the lines 
electrified. On March 18, 6381 tons of freight and 
two passenger trains weighing 741 tons, making a total 
of 6122 tons, were hauled from Orizaba to Esperanza 
which was a record for the district. The record day 
with steam operation was October 25, 1921, when 
4008 tons of freight and two passenger trains weighing 
640 tons making a total of 4648 tons were handled; 
1474 tons or 31 per centinfavor of the electric operation, 
14 trains being used in each case. 

The total tonnage handled electrically on March 18, 
north and south, was 9659 and that for October 25,1921 
by steam was 6532. The excess for electric operation 
was 50 per cent. The train hours electric were 64.6; 
steam 83.4, a reduction of 18.8 train hours or 22 per 
cent with an increased tonnage handled of 50 per cent. 

By increasing the train weight to 900 tons (metric). 


for which the line and equipment are capable, it would 
be practicable to handle over the present line double the 
tonnage handled on March 18 with no additional 
facilities except for locomotives, cars, and power. 

The ten locomotives now in service were expected to 
be sufiicient to handle a maximum of 4200 tons or 
regularly 3600 tons in addition to two passenger trains 
per day in each direction between Orizaba and 
Esperanza. 

This maximum was exceeded by 1181 tons or 28 
per cent on March 18 and the average tons per day 
north bound for the month was 3350 tons but all ten 
locomotives were used on the maximum day. 

The earnings on investment as shown are for the 
gross investment including the cost of electric loco¬ 
motives. Had new steam locomotives been purchased 
these would have been charged as renewals or better¬ 
ments and since sufficient new steam locomotives to 
handle an equal tonnage on a mountain district would 
cost approximately as much as the electric locomotives, 
it should be quite proper to deduct the cost of the 
locomotives from the cost of the electrification. 

In the case of the Mexican Railway the cost of the 
electric locomotives was approximately 46 per cent of 
the gross cost of electrification and usually for heavy 
grade work this item will average between 40 and 50 
per cent. 

If the cost of the electric locomotives be deducted 
from the total cost of electrification the savings from 
electric operation as shown would be equivalent to an 
earning of 47 per cent on the net cost. 

The entire 64 mi. has been in full operation for about 
a year, but the records are not yet available for a com¬ 
parison such as is given for the original electrification 
and it will not be possible to have them so accurate as 
long as the 48 mi. on the Vera Cruz end is operated by 
steam. 

The total cost of the 64 route-miles of electrifica¬ 
tion including electric locomotives was approximately 
$3,606,937. The orignal study gave an estimate of 
$4,032,500. 

The experience gained from two years’ operation in 
the Orizaba-Esperanza district made it evident that the 
traffic could be handled with a less number of locomo¬ 
tives than had been considered necessary, so that this 
item was reduced by approximately 20 per cent. 


Discussion 

D. G. Jackson: Mr. Cox’s paper is a notable one because it 
shows carefully gathered statistics of comparative cost of steam 
operation with electric operation over the same route with' 
appropriate coefficients to transform somewhat heavier traffic 
of the electric period back to the steam period, or vice versa. 
The only fault with that hes in the fact that the time has been 
so short that the comparison is on a monthly basis rather tba-n a 
complete annual basis, although transferred to the annual basis, 
and it is to be hoped that Mr. Cox may ultimately bring forward 
a paper that gives an entire actual twelve months of experience. 
If it is as favorable as his present paper would indicate, it cer- 
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tamly will be reassuring to the railroad executives and operating 
people. 

One of the difficulties that has existed with respect to electri¬ 
fication of railroads of heavy type, has lain in the fact that the 
electrical people, and particularly the manufacturers and power 
companies, have failed to recognize that the railroads liave a 
transportation problem, not a problem of using electrical ma¬ 
chinery, and primarily it is one of the great problems of the United 
States; in fact, it is one of the great problems of the world. 

Another difficulty has rested in the fact that data of comparing 
operating results, including costs, have not been clearly analyzed 
and made generally serviceable to railroad executives and the 
railroad-using public. Mr. Cox is starting on a path which is 
worthy of extension. 

Sidney Withiniton: In connection with Mr. Cox’s paper, in 
presenting the savings accomplished by the railroad electrifica¬ 
tion, it seems to me it would be more convincing and more valu¬ 
able if he had also discussed more in detail the effect of modern 
steam motive power. It is the duty of railroad electrical engi¬ 
neers to do business with hard-headed steam railroad executives 
and they want to know not only the savings due to electrification 
in comparison with pre-war e<iuipment, so to speak, but they 
want to Imow what the savings of electrification are in com¬ 
parison with modern steam motive power, equipped with feed- 
water heaters, super-heaters, and aU the other elements which 
have been developed to increase the efficiency of operation and 
the capacity of steam locomotives. I think any comparison of 
t e costs of electriflca»tioii as compared with steam operation 
should include that basis. Mr. Cox’s reference to modern steam 
locomotives tells only half the story. 

Mr. Cox refers to the fact that non-ferrous material is used. 

I think this is of importance in showing the trend of electri- 
cation power-distribution design. The engineers who are re¬ 
sponsible for the design of distribution systems are more and 
more clearly realizing the necessity of instalUng material that 
will stay in service, and reducing as far as possible the mainte- 
fiance problems which of necessity interfere with operation and 
toe interfered with by operation. Tliis is of course of special 

importance where steam locomotives are operated in the electric 
zone. 


• Fotter: Electrification of the Mexican railways as 
esonbed by Mr. Cox is an excellent example of what may be 
oim to improve the service and at the same time accomplish 
such reduction in the cost of operation as to show a substantial 
re mm on the investment for the new type of motive power. I 
would call particular attention to the important part which the 
eleotnc locomotives had in obtaining this economic showing, 
both as to operation and fixed charges. The cost of maintenance 
to compared with steam is an appreciable reduction in the operat¬ 
ing expense. The relative cost of electric power and fuel for 
ste^ locomotive will vary in nearly every case, but the relative 
mamtenance in favor of electric locomotives may always be 
ejected to show an appreciable gain. As affecting the fixed 
ehtoges, the cost of the electric locomotives is a large item in the 

nf Tr amounting to 46 per cent in the case 

the h^mcan Railways and 42 per cent in the Chicago, Mil- 
waiAee & St Paul. The cost of the locomotive has, therefZ, 

tion, particularly as the locomotive depreciation is at a higher 
rate than other features of electrification. The cost, mainte¬ 
nance, and depreciation of the substations and overhead con- 

locomXr''®^^*''^^^^ compared to the 

J. B. Cox* In reference to Mr. Jackson’s criticism it should 
be e^lamed that the records for several months were gone over 

by he management being most nearly representatir of 

for 


ig On account of previous conditions of «»p«‘ra(ioii only fmir 
months of steam operating records wen* at all suil.nlih* for the 
i- study, these being July, August, SepUnuber. and ()clolH*r, 1U21. 
le After a general survey of the past records and a can*ful study of 
r these four months, September and Octoln'i* were seleciocl for the 
a more detailed analysis. 

i- In the ease of electrical operation, tin* mont hs «»f Mari‘li and 
d April were designated for the comparison by the ehairnian of the 
Board of the Raihvay, because the tralVm over the road during 
g these two months was the heaviest in its hist»»ry for a like period 
d and was thought to be most d<tsirabl($ for tin* <Mtniparison. 
e In this instance also the records for .laniiary, l*’ebrnary, 
s March, and April, 102S, wore carefully studu*d ami compared 
with practically the entire period «»f idectrieal operation, pr«>- 
1 cisoly as had been done for Sopfiuuber and (tetober with steam 
- operation. 

Table VI, wliieh is published herewith, givi'.s the o|>craiing 
i costs involved lor the four months slitam operation mentioned, 

■ tlio four corresponding months elcM'lrical operalittn, and the 
5 records for «J9 months of cdoctrical opera<tioii which <*over pracli- 
L cally the entire period since the original ele<Urith*ation was in 
' complete operation. 

The 1928 record includes t«ght months ojawating cost of the 
• newly completed divisions betwc'en Orizaba ami I’aso <lel Macho, 
or for the entire 64-mile section, and are thcn-forc nut directly 
comparable with the records for 192.0, l{)26, ami 1927. A com¬ 
parison of the four months stuam t»j)cration wit h the corrc.spjiml- 
ing four mouths (dectrical o]H*ration indicait<*s a total saving of 
<1^141,904 for the lour month.s period, or .”>1 per c«*nf in favor of 
electrical operation, which is at. I,he rate of .S12r».s‘J2 per year, 
whereas the two mouths compari.s«m u.scd in the (wper showed a 
saving of only i||;402,()12 <.r .<30 p«‘r «{ent., hef<»re any mljustmcnls 
were made for increased tonnage and wag(*s iii cither ca>e. 
Unfortunately the records of tiu! ton-mih«s fur .Inly mnl August, 
1921, were not recorded in the report, hut judging from the iocfi- 
motive miles and operating costs the incnuisc* in ton-mil 4 *s during 
the four months electrical operation would he alnnit .'ttJ per C 4 *iil 
as against 26 per cent, for the two months perunl. thu.H indicating 
that the two periods would show about tint same rat<* of earuitigs 
on the investment. 

These records, which in each cas(« have bt«m suppli«*<l by the 
operators and approved by tliom, should encourage aliki* the 
electrical industry and the railroad operating fratiirniiy for a 
mutual interest in the olectrification of railroads. 

Practically all the tiguros presented ar<* (ak«*i> from tdllcial 
records, used originally in reports made at. tlm request of the 
management of the railroad company, and are perhaps more 
tocurate and free from adjustments than any others published 
to date, bpace was not availabh) in the paper lor th«*.se .Ufiatls 
and therefore explanations have been al»br(»viat.(wl as much as 
possible. Tlie records may bo had in considerably mor.* d.‘tnil, 
and undoubtedly will soon bo published. 

Referring to Mr, Withington’s remarks, it may be of intcre.st 
an8 Oe^ ^ locomotive-miles in Mepi(«ml»er 

f •u«H(»lidation locomo- 
tive.s referred to in the paper. No advantages were claimed 
because of this f^t in favor of olectrification, for the item of 
repairs to locomotives which would have been most affectud. for 
the reason that the shop was behind with this work at th(» time 
Sdtred.^^ ®onliQoed at the same rate, thn.ugh th(« pcri.id 

had locomotives then available 

had been supplied. At that time, 1921, the steam huumiotive 
had not netoly readied its present state of efficiemey ’J’he 

tZl '““"’“'■i™- in thin ,ii,l , ,t 
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TABLE VI 

MEXICAN RAILWAY COMPANY 
OPERATING COSTS ORIZABA—ESPERANZA DISTRICT 


For 4-Month Steam Operation 1921 








July 

August 

Sept. 

Oct. 

Total 

Yearly rate 

Englnemen. 

*7.648 

$9,625 

*8,476 

*9,507 

*35,156 

*105,468 

Trainmen... 

5,745 

6,720 

6,707 

7,508 

26,680 

80,040 

Fuel. 

19,369 

21,570 

17,561 

19,413 

77,903 

233.709 

Bepairs. 

24,887 

27.523 

28,832 

30,426 

111,668 

335,004 

Enginehouse. 

2,028 

1,427 

2,185 

1,305 

6,945 

20,835 

Lubricants'.. 

1,095 

1,287 

1,412 

1,364 

6,158 

15.474 

Total. 

*60,672 

*68,152 

$65,163 

$69,523 

$263,510 

*790,530 

1000 ton miles. 

Locomotive miles. 

58,844 

61,513 

4,899 

67,541 

5,052 

61,822 

239,721 

719,163 


For 4-Month Electrical Operation 1928 



Jan. 

Feb, 

March 

April 

Total 

Yuiirly rate 

Bnginemeii. 

$4,776 

2,850 

13.740 

2,888 

777 

22 

869 

439 


$7,839 

6,010 

14,560 

2,251 

965 

47 

1,052 

$6,726 

4,711 

16,580 

3.717 

980 

45 

1,102 

412 

«24,S5S 

$74,574 

Trainmen. 

o Airt 

Power. 

1 A f\KA 

17,190 

•) 1,570 

Bepalrs. 

O fiQA 

.58,934 

176,802 

Englnehouso... 


11,300 

34,170 

Lubricants. 

tuO 

3,478 

10,434 

Substation. 

OX 

QAA. 

165 

495 

Distribution. 


3,967 

11,901 



444 

1,564 

4,086 

Total. 

$26,361 

5,062 

20,780 

StiO*7 *7AA 

*33,168 

8,445 

32,110 

*34,273 

7,420 

29,256 

*121,546 

*364,632 

1000 ton miles. 


Engine miles... 

OQ AOn 

26,880 

80,640 


^o,4UU 

105,645 

310,935 


For 39-Month Electrical Operation 1925-1928 



1925 

Oct,, Nov,, Dec. 

1026 

Year 

1927 

Year 

1928 

Year 

Total 

39 months 

Average yearly 
rate 

Englnemen. 

*9.221 

4,789 

40 . 5.^1 

<t/IO Ai A 

$54,992 

34.193 

164,840 

36,868 

9.998 

668 

12,831 

4,510 

$80,835 

$188,060 

*57,865 

Trainmen. 

OK. orrA 

Power. 

AO,g f II 

1 AO ftno 

53,033 

117,986 

36.303 

Bepairs. 

4 40 .^ 

xOOtOuo 

195,680 

564,719 

173,760 

Englnehouse. 

5,644 

747 

4 

^JL,/Oo 
t 1 RAO 

42,514 

105.643 

32,505 

Lubricants. 

XI,OO^ 

O 1 *70 

16,810 

44,014 

13,.543 

Substations. 

A,X /O 

i IS I Q A 

733 

4,321 

1,329 

Distribution. 

2,687 

lO,XoU 

18,309 

5,775 

51.236 

15,766 


U.oUo 

22,180 

6,825 

Total.. 

*72,978 

9,714 

37,898 


$318,900 

57,626 

231,895 

$413,689 

*1.098.168 


1000 ton miles. 

AO ORA 

$337,895 

Engine miles. 

100 AOA 

99,026 

210,221 

64.683 



355,003 

824,310 

253.633 


In general, where electrification has been compared with the 
most modem steam power, the initial cost of steam or electric 
locomotives for equal service has come out about the same. 
The operating savings effected by electrification were 50 per cent 
over old steam locomotives, but only about 30 to 35 per cent 
over modern steam locomotives. Where the cost of the locomo¬ 
tives is about the same in each case, and is about 50 per cent of 
the gross cost of electrification, the visible return on the capital 
investment for modern steam power would be at approximately 
the same rate as that for double the investment required for 
electrification, but the benefits received from electrification, in 
the way of improved service and increased capacity, are much 
greater, and usually will justify the additional expenditure. 
!Much depends on the extent to which it is desired to improve the 
service and the increase in the line capacity required sud the 
rate at which traffic is increasing. 


If all these items are above normal, electrification will usually 
show an advantage suflBcient to make the additional cost fully 
justified, even when compared with the most modern steam 
power. Where double tracking and new steam locomotives 
are necessary, it will be found that electrification will promise a 
much higher rate of return on the required investment, and in 
most instances will cost considerably less. 

No doubt many such economic mistakes have been made in 
double tracking in the past, due largely to the fact that the elec¬ 
trical engineer has not been sufficiently experienced in railway 
operation to be able to present the case convincingly to the rail¬ 
way operating official, whose experience with electric traction 
has been equahy limited. 

The power companies have also faded to take advantage of an 
opportunity to increase their income through a misapprehension 
as to the effect a railway load might have on their system. 







































































Contact Wire Wear on Electric Railroads' 

BY I. T. LANDHY* 

Non-member 

Synopsis, It is the 'purpose of this paper to present such data on all have a hearing on the rate of 'wear, the relative importa'nce of each 
the subject of contact wire wear as the electric operation of four of these fadors h^ng a moot question. The four railroads covirihut- 
railroads has made available. Design of overhead system and irtg are the New York, New Havm and Hartford, the Chicago, 
pantographs, lubrication of pantograph shoes, presence of steam Milwaukee, St. Paul and Pacific, the Pennsylvania, and the Illinois 
locomotives under catenary, ice on contact wire, condition of roadbed. Central. 

speed of trains, and amount of current collected at pantograph shoe * * * # m 


two pantograph passes for each movement of such 
trains. Multiple-unit trains are normally made up with 
a ratio of one motor car to each two trailers. An 


General Description 

T he New Haven’s initial electrification in 1907, of 

approximately 21 route mi. of four tracks from » ratio oi one motor car to each two trailers. An 
Woodlawn, N. Y. to Stamford, Conn, was ex- ^^®rage of 25,000 pantograph passes per year per track 
tended in 1914 from Stamford to New Haven, Conn., has been assumed. 

with about 39 route mi. of four tracks. The Milwaukee began electrical operation in 1915 of 

High-speed suburban and through passenger, and 441 route mi. of line, between Harlowton, Mont, and 
h^vy freight trafiic in the electrified zone are supplied Avery, Idaho, and in 1919 of an additional 218 route 
wth 11,000-volt, 25-cycle, single-phase, a-c. power, nii. between Othello and Seattle-Tacomain Washington. 
Speeds up to 70 mi. per hour are attained, the maximum The services operated electrically are through pas- 
weight of a tram being 3800 tons. In addition, there senger and freight. D-c. power at 3000 volts is supplied 
is still a number of steam trains operated, these being the locomotives, about ten per cent of that supplied 
mostly heavy-tonnage freight trains. A considerable being returned through regenerative braking, 
s ^m traffic was operated in the electrified zone initially, A ^-in. Siemens-Martin steel messenger supports 

^t since, has been supplanted almost entirely by elec- two parallel 4-0 grooved copper contact wires by means 
tnc except for that mentioned above. of loop hangers alternately clipped to one and then the 

I he contect wire, which is 4-0 grooved of 40 per cent other. The height of contact wire above top of rail 
conductivity bro^e, normally varies from 16 to 22 ft. varies from 17 ft. to 24 ft. 2 in. 

at PO“ts of change Each pantograph consists oit two independent steel 
averagmg about 1 p^ cent. It is supported from an shoes with hard-rolled copper contact strips The 

S!?! • a**®® are separated to provide a trough 

Ileable iron or bronze chps. The contact wire ten- between them for the lubricant. The pantoeranh 

P’^asaare on the contact wire is 30 lb., mating the^rL 
mr“P® 7 tare. sure per shoe equal to 15 lb. 

the lai^loc^otives°5 ^ 11 ^ P®anayt'^a’s suburban service between Phila- 

multipSt ^^f^df f20 route mi., was electri- 

a • “ Nannal pantograph prassure’on S abJumraute^*'“*“"* 

the wire is about 18 lb., increasing to about 25 lb. when tL in.ii J . 

the pantograph is traveling down, and decreasing to Ka+ j catenary type of construction in use 

about 10 lb. when traveling up. Although lubrication Philadelphia and Paoli consists of a steel 

was attempted for a time,^hLhoes ^fnoSly ^ copper auxiliary 

lubricated. The normal maximum current collected oi 30-ft. mtovals, the 3-0 grooved phono- 

is about 200 amperes per pantograph shoe. eiectnc contact mre being suspended from the auxiliary 

Each umt of motive power used in road sevice carries spaced at 15-ft. intervals, staggered 

two pantographs, although normally but one is used w the hangers. The construction in use 

at a time. A considerable number of both “d Chestnut Hill is similar to 

and freight trains is double headed, which involves ^ above except that the auxiliary messenger is a 

Beeuwkes, Electrioal Engineer, c. M. St. P. & p. R. R j v B* varying between 0.12 and 1.2 per cent. 

v^nJ Engineer, Pennsylvania R. R., ‘and w. M* electrified tracks are used principally by 

V^derelms, Electnoal Engineer, I. C. R. R. multiple-umt suburban trains, a relativplv er«oU 

2 . Asst. Engineer, Illinois Central Railroad, Chicago m “Tl - • , a relatively small 

Presented at Summer Convention of the A I B B t* i Approximately 40 mi. of the steel messenger has hA«« 

/ane repWby ^in. high-tension bronze cable, due tX e^^osLn 

of the former by locomotive gases. wixosion 
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electric locomotive mileage being made for experi¬ 
mental purposes, also. Steam locomotives are used 
in the electrified territory, too. A-c. power is supplied 
at 11,000 volts, the multiple-unit cars drawing normally 
a current^ of 20 amperes with a maximum of 80 am¬ 
peres during acceleration. The schedule speed of these 
trains is high and the station stops are relatively close 
together so that maximum speeds well up toward 60 
mi. per hr. must be attained. 

The pantograph, the shoes of which are of mild steel, 
have been designed for as low an inertia as possible. 
Normal prepure against the contact wire is 18 lb. 

The Illinois Central, in 1926, electrified its suburban 
service between its Chicago terminal and Matteson, 
Ill., Blue Island, Ill., and South Chicago, a total of 
approximately 39 route mi. 

The catenary, except for yards, sidings, and cross¬ 
overs, consists of a 0.81-in. composite copper-copperweld 
messenger cable supporting, at 15-ft. intervals, a 
^-in. auxiliary messenger cable which in turn supports 
two 4-0 grooved copper contact wires. These are in 
the same horizontal plane, each wire being clipped to the 
auxiliary messenger at 15-ft. intervals, the clips being 
staggered with respect to the hangers and clipped to 
first one and then the other contact wire. In the 
denser traffic zone, north of the junction with the 
South Chicago branch at 67th Street, two 3-0, 80 
per cent conductivity, grooved cadmium-bronze con¬ 
tact wires are used, each wire suspended at 20-ft. 
intervals from a ^-in. auxiliary messenger cable, the 
main messenger being the same. The yard catenary is 
composed of a 4—0 grooved copper contact wire sus¬ 
pended by rigid hangers from a ^-in. phono-electric 
bronze messenger. Normal contact wire height is 22 
ft. with an allowable gradient of 1 per cent down to 
lower heights to clear overhead obstructions, miTiimnm 
height being 16^ ft. 

D-c. power at 1500 volts is supplied the multiple- 
unit suburban trains which consist of from two to eight 
cars. Speeds up to 65 mi. per hr. are attained in order 
to maintain a fast schedule with fairly frequent stops. 
The accelerating current averages 770 amperes per 
pantograph, the normal running current being 200 
amperes. There is only a small amoimt of steam 
operated traffic, (mostly switching), directly under the 
wires, but the through passenger and freight tracks are 
adjacent to the suburban tracks so that locomotive 
gases are more or less always present. 

The pa.ntographs have, in general, galvanized sheet 
steel bodies faced on the contact surface with hard- 
rolled^ copper strips, but a few bodies are of aluminum. 
The life of contact strips is approximately 10,000 mi. 
Normal pantograph pressure is 22 lb. All pantographs 
are lubricated, a trough between the contact strips 
holding the grease. 

The multiple-imit cars operate in pairs, one being a 
motor car carrying two pantographs, only one of which 
IS normally in use, and the other a trailer. 


Discussion 

The design of the catenary system is important, aside 
from its functions of supplying a contact plane for the 
current collector and a distribution system for the 
power, in determining the rate of wear of the contact 
wire or wires. It will be noted that in each of the four 
systems described special precaution has been taken to 
obtain flexibility in the contact plane. The line must 
be flexible enough to insure intimate contact between 
wire and pantograph and yet not so flexible as to permit 
the formation of a large wave ahead of the pantograph 
as it moves forward. The requisite flexibility can best 
be obtained by staggering the points of support of the 
contact wire with respect to the messenger, while at the 
same time damping out the unwanted harmonic wave 
ahead of the pantograph by means of as high a tension 
in the contact wire as it will permit. It will be readily 
seen that a wave propagated ahead of the pantograph 
has no serious effects as long as its rate of propagation, 
the speed of the pantograph, and the mass of the contact 
plane remain of the same relative magnitude; but let 
any one of these factors change and the smooth passage 
of the pantograph under the contact wire is interrupted 
to the mutual detriment of both. Thus, it is always at 
those pull-offs where the free vertical movement of the 
wire is restricted and at such points as have a more- 
than-normal concentration of weight that accelerated 
contact wire wear is found. A large proportion of any 
contact-wdre system wears slowly and uniformly, yet it 
is the small proportion of places where the wear is 
accelerated that require replacement soonest. At gra¬ 
dients in the contact system theinertia of the pantograph 
causes a greater or lesser pressure on the wire, greater 
if moving down and lesser if moving up. At a certain 
pressure, which obviously should be the normal 
pressure, the wear will be a mi nim um^ any 
p'eater or lesser pressure resulting in increased wear; 
if greater, due to increased friction, and if lesser, due to 
increased burning caused by insufficient contact. 

Pantograph design resolves itself into a judicious 
composition of the following essentials: (1) sufficient 
current collecting surface; (2) light weight moving 
parts; (3) sufficient uniform upward pressure; and 
(4) freedom from friction in the bearings. The effect 
of the first will be taken up further on. The necessity 
of having all moving parts as light in weight as possible 
is apparent. All changes in grade of the contact wire 
require that the pantograph follow them, and, in order 
to minimize the wear, especially at the change in 
grade, ^e inertia of the pantograph must be small. 

A sufficient uniform upward pressure must be present 
to permit of current collection without arcing. Friction 
in the panto^aph bearings may be classed as additional 
inertia since its effect is the same. 

It is probable that if the contact surface of the panto¬ 
graph were of some metal dissimilar to that in the 
contact wire a lower rate of wear of the latter would 
result, on the theory that the coefficient of friction 
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between dissimilar metals is lower than that between 
similar metals. 

The question of lubricating the pantographs produces 
a diversity of opinion. The New Haven and Pennsyl¬ 
vania do not lubricate, while the Milwaukee and 
Illinois Central do. The effect of lubrication per se 
will be taken up at length further on. Just now it may 
be well to point out that the decision to lubricate or not 
is probably influenced by the presence under the wire 
of steam locomotives. The experience of the Milwaukee 
shows that locomotive smoke and the sand blown from 
the stack of oil-burning locomotives in sanding the fire- 
tubes adheres to the grease film on the wire forming an 
actively abrasive surface. No doubt some similar 
action would be present in localities where dust or sand 
storms are prevalent. On lines such as the New Haven's 
and Pen^ylvania's, where a considerable steam traffic 
passes directly beneath the contact wire, the presence 
of gre^e on the wire might increase the wear. 

Intrinsically, lubrication plays an important role in 
reducing wear. Extended measurements and observa¬ 
tions on the Milwaukee show that, on long tangents 
where the contact wire is in the middle of the panto¬ 
graph the greater part of the time, the lubricant be¬ 
comes depleted and wear is increased. On the other 
Imnd, on curves where the pantograph is wiped across 
the contact wire due to the chord type of catenary 
employed, the wear is less, the lubricant from the ends 
of the pantographs^ being distributed over the whole 
simace. A comparison of contact wire measurements 
shows that there is approximately 30 per cent more wear 
on tangent track than on curves. 

RirthCT evidence of the effect of lubrication is found 
m tunnels. Here, where the wires are sheltered from 
sun, r^ dust, and frost, the wear is approximately 
one-half that on exposed tangent track. Other factors 
^y wntobute to this end, but that the shelter of the 
tanel IS tte dominant one is shown by the fact that 
where wato dnps from the tunnel roof the wear is 

^eato. The limited experience of the Illinois Central 
corroborates these observations. central 

Pre^ce of steam locomotives under the wires 
a^e from the abrasive deposits left by them, produces a 
s^ “^r-^all though it may be, of ae contact 

ss, 

and hence more injurious. Accelerated wS k ^ 

^wrrsmooS 

operated is largely influen 
rial in detennuung the total effect of ice dwosik 


probably of small moment, especially us on the Illinois 
Central, when there is danger of the formation (»f sleet 
all pantographs are raised. With a relatively small 
number of pantogi-aph passe.s a day as on the Milwaukee, 
particularly when the teiTitory served is subject, to more 
or less frequent sleet storms, the wear f»ccasioned by 
such deposits is important. 11. may bo said, then, 1 hat 
the burning, and therefore the wear, due to ice on I,ho 
wire is less per pantograph pass where the freciuency 
of the passes tends to keep the .surfa(‘o of t he wire clear. 

^ The condition of the roadbed affects the riding quali¬ 
ties of the cars, which in turn affect the punttjgraphs 
ca^ied by them. A sudden drop due to a low rail 
joint or frog point may cause the pantograpJi to leave 
the wire momentarily, flravving an arc, and producing 
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racM we» at the point where the pantograph reHume.s 
contact with tte wire. The net effecit may he .said to be 
the effects of a change in gradionl of the 
contMt wire and the ai-cing eauseii by sleet. Tlie wear 
to this cause will probably be notice.1 mo.st in the 

to roadbed is frozen and is dillicult 

to r^rface, particularly as at this season the p.'into- 

T ‘•equ'red to handle an additional clecirical 
load due to the heater current being drawn. 

he experience of the New Haven hius betm that 
^n^ly the higher the speed of the train, the less thl 
0 the contact wire. This is borne out by the 
TOnce of the Illinois Central in a teiritory whm, 
w tracks carry high-speed express and .special trains 
and two toeks relatively low-.speed local trains 

Slion k The genoml 

mpression is that as far as the effect of current alone 
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IS concerned, the greater the amount of current, the 
greater the wear. Actually, it is difficult to determine 
the facts from experience because of the obscuring 
effects of other factors. 

In the curves shown in Fig. 1 are given the relations 
between the vertical diameter of the contact wire and 
the number of pantograph passes. The curve for the 
New Haven takes into account all measurements made; 
that for the Milwaukee those measurements which 
represent maximum wear on the main line; that for the 
Pennsylvania only those measurements at places most 
susceptible to wear; and those for the Illinois Central 
all measurements. 

In conclusion, then, for the purpose of minimizing 
contact wire wear it is necessary that the contact wire 
system be flexible, have little or no concentrated weight, 
and have gradual transitions from one height to another; 
that the pantographs be light, free moving, and actuated 
by sufficient pressure to insure good contact with the 
wire; that the question of lubricating pantographs be 
decided after considering such other factors as the 
presence or absence near the wire of abrasives which 
might adhere,to the lubricating film; and that the con¬ 
dition of the roadbed be taken into consideration. Ice 
on the wires is abrasive and difficult to combat success¬ 
fully. The speeds of trains and ^amounts of current 
collected are variables at best and probably do not 
affect the rate of wear appreciably. 


Discussion 

D. C. Jackson: A statistical paper like this one is very de¬ 
sirable because it does have definite influence upon estimates of 
operating expense from the maintenance aspects. 

Sidney Withinjiton: In connection with Mr. Landhy’s 
paper, lubrication of the trolley wire or pantograph shoe is I 
think one of the fundamental problems in railway electrification 
which must be solved in the not distant future. It is a question 
as to whether the trolley wire be lubricated or the pantograph 
shoe. It is not satisfactory to swab a lot of lubricant on the 
pantograph shoe when the locomotive or car is at a terminal, and 
trust that that will stay on the pantograph and properly distrib¬ 
ute itself along the trolley wire. This method is likely to lu¬ 
bricate everything including the clothes of the passengers, the 
road ballast and the car roofs in the vicinity of the terminal, and 
very little trolley wire after the first few thousand feet. Some 
better method must be developed. 

One very interesting difference in practise in this country as 
compared with practise abroad, is in the pressure of the panto¬ 
graph against the wire. We operate in this country with panto¬ 
graph pressures of 15, 18, and over 201b., whereas abroad 
a pressure of 7 or 8 lb. is common, with the current collections of 
often about the same magnitude as ours. That is largely due to 
the design of European pantographs in which is employed an 
auxiliary bow which follows the slight unevennesses in the con¬ 
tact wire and prevents arcing where there is a sudden change of 
elevation or a hard spot. Some day I thinlc we will come to some 
such scheme as that, a moving part on the top of the pantograph 
which will enable us very considerably to reduce the pressure on 
the trolley wire. 

The material of the pantograph must also be studied much 
more carefully than it has been thus far. It is possible that chro¬ 
mium plating may have some value in this connection. 

In connection with the effect upon the trolley wire of the 
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amount of current which is collected, we are operating a branch 
line between Providence and Fall River, at 600 volts nominal 
pressure. The operation there is with the sliding shoe and the 
current densities are relatively quite high. We have noticed that 
where the trains leave stations (where the acceleration is talcing 
place and the current is relatively high), the wear on the trolley 
wire is considerably greater than the wear on the sara'e trolley 
wire as the trains approach the station where the current is zero, 
or very slight, but where the speed is about the same as where 
the trains are leaving the station. This seems to indicate that 
current density has something to do with the wear. 

C. S. Anderson: There is one point which I wish to develop. 
This is in connection with the effect of the composition of the con¬ 
tact wire on its own rate of wear. Some years ago, we departed 
in many instances from the use of copper contact wires and used 
bronze contact wires to gain strength and also resistance to wear. 
However, one must distinguish between the bronzes and choose 
which type is best, 'the ^^r^-eopper alloys, often called phosphor 
bronze, or silicon, bronze, depending on the deoxidizing agent 
employed, were the first type of bronzes to be used in contact 
wires. However, in the last year or two, the cadmium-eopp&r 
alloys have been selected for several important lines, and it is of 
value to note that the results obtained with the cadmium bronzes 
are better than those obtained with the older tin bronzes. 

In grades having equal strength, the conductivity of the cad¬ 
mium bronzes is much higher and they resist mechanical wear as 
well as the tin bronzes, and they resist electrical wear much better. 
So on operating railroads where these types of wear are always 
found combined, it is not surprising to see the evidence piling up 
to show that the cadmium bronzes make more durable contract 
wires. This situation is evident in the graph on the third page of 
Mr. Landhy’s paper. Curve E~F is for cadmium bronze. Note 
that its slope is decidedly less than the slopes of the other curves 
which are for copper or for tin bronzes. 

In other words, the rate of wear under operating conditions is 
less for the cadmium bronze than for the tin bronze. This con¬ 
clusion is confirmed by plotting on the same graph the results of 
field tests extending over thirty-two months, just completed by 
the Chicago Rapid Transit Company. Their tests were on cad¬ 
mium bronzes. Plotting the results of their test we obtain a curve 
that lies parallel to Curve E-F in Mr. Landhy’s graph, showing 
that the slower rate of wear of cadmium bronze is again 
confirmed. 

Finally, it is of value to note that the cadmium bronzes will 
not become hot-short or brittle if overheated as by a short cir¬ 
cuit. This embrittlement is a characteristic of tin not shared 
by cadmium. 

E. L. Moreland: I should like to ask if any comparative 
studies have been made of the relative wear on the contact wire 
of two contact shoes as compared with one contact shoe on a pan¬ 
tograph. There is a certain school that apparently is very defi¬ 
nitely of the opinion that for a given current collection it is better 
to have two contact shoes, the theory being that a more continu¬ 
ous contact is maintained with the wire than would be the ease 
with the single shoe. 

On the other hand, there are some skeptics who say that a 
single shoe with light wire pressure would give less wear on the 
wire, and would give satisfactory current collection on multiple- 
unit cars where the amount of current to be collected per panto¬ 
graph is relatively small, particularly at high speeds. 

The only comparative tests I know of where equal mileage was 
run under the same conditions for 5000 miles each way, show that 
with the double shoe almost as much copper or bronze was lost 
from the contact strips on each of the two shoes as was lost from 
the single shoe. In other words, the pantograph with two contact 
shoes lost almost twice as much metal from the wearing strips as 
the pantograph with a single contact shoe running under the same 
conditions. That of course doesn’t prove that the wear of the 
contact wire was in the same ratio, but it at least raises the ques- 
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tion as to whether the wear on a contact strip isn’t in some mea¬ 
sure an indication of the wear taking place at the same time on 
the wire. 

My own feeling is that two shoes are probably the soundest 
for the flexibility they give, but these tests do amplify this ques¬ 
tion that I already had in my mind before I knew the results of 
the tests. 

Cox: When the question of a contact device for the 
pantographs to be used on the electric locomotives for the original 
electrification of the Chicago, Milwaukee, St. Paul and Pacific 
Railroad was being considered, early in 1915, it was realized that 
the duty required would undoubtedly be more severe than had 
been experienced up to that time. 

The Butte, Anaconda and Pacific Railroad had been in elec¬ 
trical operation for more than a year with 5-in. diameter steel 
tube rollers used for collecting the current from a single 
4/0 trolley. It had been found here that while these rollers col¬ 
lected the desired current successfully, there was some sparking 
at hard spots in the line when only one pantograph was used, but 
that by using two pantographs in multiple this sparking was 
practically eliminated. Extensive tests were carried out at the 
Schenectady factory by rigging up a crank shaft by means of 
which various forms of contact devices might be caused to slide 
to and fro under varying conditioi^ and pressures, with and 
■^thout lubrication. During these discussions and experiments, 
many suggestions were offered, among which was the use of 
multiple contact wires with alternating supports. 

I suggested the use of a double contact shoe for the pantograph, 
so interconnected mechanically as to cause the one to be 
held more firmly against the wire when the other was being forced 
from the wire by a hard spot or other cause. 

Mr. W. B. Potter suggested, ‘‘Why not have both the double 
wire and the double contact, then there can be no reasonable 
doubt of being able to collect any probable amount of current 
necessary at any practical speeds that may be desired.” 

This suggestion was followed out, and special contact shoes 
designed with due provisions for the lubrication of the contact, 
which the experiments mentioned had definitely indicated, not 
only greatly increased the life of the contacts and decreased the 
wear on the wire, but also added materially to the current- 
collecting capacity of the pantograph, and reduced the sparking. 

The resets emending over a period of more than 14 years, have 
been quite satisfactory, and for simitar types of electrification 
the practise has become almost standard. 

Practically the same trolley construction and current collecting 
device was used on the Mexican Railway electrification. 

In almost every instance of electrification, where steam loco¬ 
motives have continued to be operated under the contact wires 
for any considerable length of time, there has been objectionable 
sparking for a few days, but this has always gradually disap¬ 
peared as the deposit on the wire wore away. 

The double contact shoe has been a great advantage in these 
initial operating periods, and even more useful when the wires 
become covered with sleet. 

Some of the trolley wires on the Mexican Railway had been up 
more than a year before the electrification was put in operation, 
and the deposit on the wire from the steam locomotives caused 


more severe sparking than I had seen before, and it continued 
for a longer time. 

Double-unit locomotives were operated with two pantographs 
per unit up, thus making a total of four pantographs against the 
contact wires, which limited the sparking and at the same time 
hurried the clearing of the wire. 

These experiences have led me to feel that there should be no 
doubt as to the advisability of using the double contact in any 
instance where heavy currents are to be collected at high speeds. 

N. W, Storer: I agree entirely with what Mr. Cox has said 
about the advantage of the double shoe. The fact of the matter 
is we had some double shoes running on the Niagara Junction 
Railway on a 600-volt line while he was still figuring on the roller 
pantograph on the Butte, Anaconda and Pacific and other lines. 
They are necessary where heavy currents are to be collected and 
desirable for smaller currents in order to minimize the possibility 
of ope ning the circuit due to the shoe striking hard spots on the 
line. 

W. B. Potter: I fully agree with what Mr. Landhy has said 
and with the remarks thus far during the discussion. So far as I 
have observed, it seems quite clear that the wear of the contact 
wire and colleetor is much more due to arcing than to the mechan¬ 
ical wear due to rubbing. Continuity of contact is essential if 
arcing is to be prevented and this can best be accomplished by 
such flexibility in both the contact wire and collector that they 
will react upon each other like opposing springs; the contact wire 
should, furldier, have no hard spots that might cause the collector 
to rebound. 

Mr. Moreland has referred to the relative merit of the double 
and single pantograph collector. Both experimental tests and 
practise seem to prove that the double pantograph better insures 
the desirable continuity of contact. It will be of interest to 
mention an earlier installation, that of the Baltimore Tunnel 
in 1895 where the results were far from satisfactory. The over¬ 
head contactor was composed of two steel Z-bars with a plate 
over the top, the bars being far enough apart to leave a slot in 
the bottom. This steel structure, which corresponded to the 
contact wire, was catenary-supported. The collector was a block 
of bronze in the shape of a shuttle and weighed about 50 lb.; it 
had a tong^ue which projected through the slot between the Z-bars 
and to this tongue was connected the pantograph on the I0007 
motive. The tunnel was rather wet and there was considerable 
accumulation from drippings within the steel conductor. During 
the initial operating the shuttle looked like a sort of traveling 
electric furnace,—^ten to fifteen pounds of metal would be melted 
off during a single trip. The performance was improved by using 
a collector in the form of a steel scraper. The current was about 
1000 amperes, aud to collect this successfully without arciug then 
seemed well nigh impossible. The successful coUeotion of several 
thousand amperes at 60 to 70 mi. per hr. has now proved to be a 
much simpler problem than was anticipated. 

I* T. Landhy: With two shoes I think I oan say from my 
0 '\TO experience that you are more sure of contact on the contact 
wire. I have noticed sometimes that one shoe of the pair will he 
in contact and the other either barely touching or not at all, a.nd 
if it were only barely touching with one contact shoe you would 
get burning along the surface of the contact strips as well as on 
the contact wire. 
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Synopsis' This “paper contaim a description of one of the ouU the types of protective apparatus utilized and the method of operation, 
oorsu stations of the PhiladelphiarWilmington electrification of Attention is called to certain operating necessities “which control 
m Penmylvania Railroad, recently placed in service. It describes the design and location of a substation of this character. The means 
e imtta installation of apparatus protnded in the substation for provided for handling the heavy apparatus into and out of a sulh 
e present suburban electrification, as “well as the steps taken to station of this character and the facilities for handling, cleaning, and 
acco“mT^ ate the additional apparatus “necessary for the through restoring oil to the different “pieces of apparatus are described in 
electnficahon “when it takes place. some detail. 

The location and control of the substation are described as “well as * ti ^ ik ^ 


A S a preliminary to this description, it is necessary 
to state that the Philadelphia-Wilmington electri¬ 
fication at its present stage of construction is 
designed for the multiple-unit suburban service only, 
but that everything has been so constructed that 
expansion to care for the handling of through electric 
locomotive hauled service, both pai^enger and freight, 
may be accomplished by adding to the existing facilities, 
without necessitating the replacement of existing elec¬ 
trical facilities. For complete eleciaifieation of main line 
territory, four single-phase 132-kv. transmission circuits 


commodates two single-phase transmission circuits, 
allowing for the sectionalization of each of these circuits 
by air-break motor-operated disconnecting switches. 
The structure further accommodates a tap from each 
of these transmission circuits, each of these two taps 
passing through another air-break motor-operated dis¬ 
connecting switch to the high-voltage side of a 132/12-kv. 
step-down transformer, the tap being provided with 
choke coils and lightning arresters. The low-voltage side 
of each transformer unit is carried through a suitable 
two-pole oil switch and the requisite isolating switches 



Fig. 1—Trolley Substation—^Wiring Diagram 


on two tower lines are proposed; with four step-down 
transformer units at each t 3 ipical trolley supply sub¬ 
station. The initial installation, for multiple-unit service 
only, has required but two single-phase 132-kv. transmis¬ 
sion circuits, each on its own supporting structures; and at 
each typical trolley supply substation, but two step- 
down transformer units. 

It is then evident that the existing typical trolley 
supply substation is a structure which at present ac- 

1. Electrical Engineer, Pennsylvania Railroad Co., Phila¬ 
delphia, Pa. 

Presented at the Summer Convention of the A. I. E. E., Swamp- 
scott. Mass., June ^Jr^8, 19S9. 


to one section of a 12-kv. trolley bus. Ultimately, 
there will be four transmission circuits, four taps, (one 
from each circuit), and four transformers; but there will 



Pig. 2-~Ttpical Trolley Supply Substation, General View 

be only two trolley bus sections, as at present, each with 
two transformers connected to it instead of one. 

Fach bus section consists of a trolley and a rail bus. 
The two trolley bus sections are connected through a 
suitable single-pole breaker and the requisite isolating 
switches. The two rail bus sections are arranged so 
that they may be connected together through discon¬ 
necting switches, and further, so that either section or 
both may be connected to actual ground if desired. 
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the trolley bus section, taps are taken, each of 
which passes through a single-pole high-speed trolley 
circuit breaker and the requisite isolating switches to a 
trolley. The trolleys passing by the substation are 
sectionalized so that those on one side are electrically 
separated from those on the other side of the substation. 
The trolley bus taps from one section of the trolley bus 
feed the trolleys on one side of the substation, and those 
from the other section of the trolley bus feed the trolleys 



Pig. 3 Typical Tiwll^ Supply Substation—Trolley Bus 
AND Oil CiRomT Brnaesrs 

on the other side of the substation. Each trolley bus 
tap is supplied with a choke coil and a lightning arrester 
and feeds into a different trolley from that fed by any 
othertap. 

The railroad is equipped with interlocking cross-over 



Pig. 4—-Typical Substation Control Board in Control 

House 

stations for the purpose of crossing traffic from one track 
to another at frequent intervals. These intervals are 
such that it is usually possible to locate the substations 
at certain of the interlocking cross-over stations. At 
one of these cross-over stations, the cross-overs between 
tracks are located between signal bridges, usually some 
1200 to 2000 ft. apart. There is a signal and switch 
tower, more generally called an interlocking or block 


station, with an operator to control the cross-over 
movements. This tower is connected with the dis¬ 
patcher’s telephone circuit and with the emergency 
telegraph circuit. There are usually certain signal 
maintenance men working in the vicinity of the block 
station. If the telephone circuit of the load dispatcher 
or power director be run into the block station, and if 
the block station be equipped with a control board and 
the necessary signal lamps, the operator can well per¬ 
form such substation switching operations as the power 
director may request, keeping the proper record of such 
operations. Further, the operator can call by whistle 
or horn such signal maintenance man as may be within 
hearing and request him to perform such emergency 
operations within the substation as may become neces¬ 
sary prior to the arrival of a regular substation mainte¬ 
nance man. It is also evident that the trolleys covering 
the cross-over movements should be independently fed 



Fig. 5—Typical Trolley Supply Substation—4600-Kv-a. 

Transformer 

from those extending beyond, so that a dead trolley 
beyond will not hazard the making of a cross-over move¬ 
ment to another track to avoid the dead trolley. If the 
substation be located near the cross-over station, the 
cross-over trolleys may be readily fed independently, 
directly from the substation trolley bus sections. 
Cross-over stations not at substations require a special 
bus and switch arrangement to secure this independent 
cross-over trolley feed feature. We may state, there¬ 
fore, that in so far as is possible, the t 3 rpical trolley 
supply substation is located near a cross-over station 
and the substation switching operations are controlled 
from the block station by the block station operator 
under direction from the power director. 

Within the fenced in enclosure of the substation is 
located a small control house. In this house there are 
located a control and relay board, a control battery and 
charging facilities, such signal supply motor-generator 
sets and switching as may be required, the substation 
oil treating plant with its purifiers, filters, and valves, 

and a telephone connected with the power director’s 
circuit. 




































October 1929 


DUER: AN ELECTRIFIED RAILWAY STATION 


1149 


When the regular substation maintenance men are at 
work within the substation enclosure, by throwing 
a switch, they may take over the control of the sub¬ 
station switches from the block station operator's 
board to the control board in the control house. This 
operation is made upon direction from the power 
director and the block-station operator is informed and 
also receives a signal on his board when the control 
passes from his board to the control house board, or the 
reverse. 

The entire relay layout for the station is on the control 
house board'. All control operations and signals are 
at a control voltage of 125 volts, direct current supplied 
from the control battery. The control circuits are 
segregated for protection and for the easy location of 
grounds. Ground detecting apparatus is supplied. 

In each substation are two service transformers, one 
on each section of the trolleybus, which give 230/115- 
volt, 25-cycle circuits from which the control battery is 
charged, the oil pumps operated, and the normal 
lighting obtained. A separate tranrformer supplies the 
signal motor-generator set or sets when such are in¬ 
stalled at the substation. 

Certain emergency lighting is supplied from the 
control battery. 

Into each substation enclosure isrunarailroad siding, 
and the apparatus is so located as to be readily loaded 
or unloaded to or from cars on this siding by a locomo¬ 
tive derrick or otherwise, as may be necessary. 

The relay protection is such as to give the following 
protective functions: 

Trolley high-speed breakers; high-speed impulse for 
short circuit; normal controlled speed relays for over¬ 
load. 

Each trolley bus section is differentially protected as to 
all breakers connected thereto for protection against 
bus faults. 


The step-down transformers necessary in our eastern 
territory for the eventual complete electrification are of 
4500-kv-a. normal continuous rating, immediately 
followed by 150 per cent load for two hours, immediately 
followed by 300 per cent load for five minutes. Thus, 
these transformers are much larger than normal com¬ 
mercially rated units of the same nominal continuous 
rating. They are self-cooled and self-protecting and 
every attempt has been made to insure serviceability. 
The number of these units installed initially and ulti- 
rnately in a t37pical Philadelphia-Wilmington substa¬ 
tion has been previously mentioned as two and four 
respectively. 

The above describes the requirements of the sub¬ 
station layout. The actual physical structure which 
fulfills these requirements need not always be the same. 
It depends, naturally, upon the land available and 
upon other considerations which influence its design. 

Typical views of a step-down transformer station are 
shown. 


Discussion 

Sidney Within^ton: It may be of interest to note tliat on 
the New Haven, and on some of the other electrified railroads 
using substations of the same general natxire as those discussed, 
each track on either side of the substation is fed from the satuo 
section of the bus, so that if a bus section goes out of service for 
any reason only one sot of tracks is affected, that is, for instance, 
one continuous east-bound track, the west-bound track remaining 
unaffected past the substation. In the arrangement discussed 
by Mr. Duer if one bus section fails all tracks on one side of the 
substation may be affected unless (as of course is usually the caso) 
there is feed from an adjacent substation. 

Another point of interest in connection with the'substation 
design is the high towers employed for the transmission lino at 
the substations. It will bo noticed in the illustrations that tlmro 
is a very high fabricated steel framework for the 132-kv. feeders. 
There is undoubtedly a reason for that, and I think it would bo 
of interest to bring it out. 


Transformer breakers; reverse power protection for 
transmission line-to-line faults; differential protection 
for transformer faults. Voltage relays for transmission 
line to ground faults supplied from a 66-kv. potential 
transforms connected from the midpoint of the high- 
tension winding of the main transformer to ground, 
the step-up transformers at the station supplying 
energy to the high-tension transmission having their 
midpoint grounded through resistance. 

Buried oil tanks are provided in each substation for 
both transformer and switch oil. The piping system 
is such that breaks oil may be drawn from a dirty oil 
tank and purified and run into a clean oil tank and run 
into a breaks. The transforms oil may be run from 
the transformer through the purifis and back to the 
transformer, or from the transformer into the tank and 
thence through the purifier and back to the transformer. 

The oil purifis is a combined centrifuge and filter 
with provision for by-passing eiths or both, the latter 
for use when oil is drawn from the clean oil tank and 
passed to a breaker. 


An additional item of interest in connection with this sub¬ 
station design is the amount of ground employed. I think it is 
essential in all high-tension substations, to spread out the equip¬ 
ment so that not only is there plenty of room to allow safe work 
in an individual unit of equipment, but a failure will affect only a 
small part of the facility. It is obviously also a great advantage 
to have everything out of doors for the same reason. 

H. C. Gross: Since Mr. "Withington has aslced two questions, 
I should like to answer thorn. 

It is true, of course, in the trolley sectionalization scheme which 
we use that, if one-half of the station bus is lost, we cut the rail¬ 
road in two, as it were, at that point; whereas Mr. Withington 
has at least two tracks on which traffic will automatically con¬ 
tinue. However, if we do lose half the bus, the differential pro¬ 
tection is such that there is practically only a momentary loss, 
that is, we are only cutting off power between two substations for 
a momentary time. I confess 1 do not know from the point of 
view of flexibility of operation, the exact reasons for the adoption 
of the scheme we use. It would appear to mo to be more or less 
a question of judgment, in that since differential bus imoteetion 
is provided there is no question of any serious hazard to the flow 
of traffic on the railroad. 

The other question was about the height of the towor.s in the 
substations. If I am not mistaken that was very materially in¬ 
fluenced by the striking distance of an are from an air-break 
switch located below the 132-kv. transmission wires. 



D-G. Railway Substations for the Chicago 

Terminal Electrification, Illinois Central Railroad 

BY A. M. GARRETT' 

Associate, A. I. E. E. 

Synopsis. — Direct-current stibstations designed to meet the order to hold the d-c. voltage to definite values for any load within 
demands of heavy railway terminal service are described in this the rating of the unit and to maintain the reactive current of the unit 
payer. This directrcurrent energy is furnished at 1500 volts from within the safe limits, there is provided, common to all the converters 
seven substations located in the Chicago district and owned and in a substation, a counter e. m. f. regulating set, a 4-circuit rheostat, 
operated by the power companies. In addition to 1500-volt supply and a voltage regulator. High-speed air breakers are used on the 
for traction purposes, alternating current at 400012800 volts is d-c. side of the units and aU 1500-volt feeders, 
provided for the railway company's light, power, and signal systems. Another feature of interest is the use of truck mounted enclosed 

Approximately SO per cent of conversion capacity is in synchro- switch units on both the high and low tension sides of the substation, 
nous converters and the remainder in mercury rectifiers. Reasons This type was selected in order to eliminate certain operating hazards 
for selecting the latter units are given as well as some of the charac- which exist with fixed type switching arrangement, and to provide the 
teristic features of them. customary factors of accessibility and maintenance. 

To meet the rigorous requirements as to voltage and current In operating experience, the substation equipment has met all 
demands under the agreement with the railway company, the con- expectations, the performance of the synchronous converters and 
version units have a rating of 800 per cent load for 1 minute. high-speed breakers being exceptional, while confidence in the 

The synchronous converters are of the field control type, and in mercury rectifier has not lessened. 


Introduction 

S EVERAL excellent papers upon the different fea¬ 
tures of the Electrical Terminal of the Illinois 
Central System have been presented to the Insti¬ 
tute. The purpose of this paper is to describe that 
group of electrical equipment which comprises the 
substation, presenting the characteristics of this instal¬ 
lation as a type representative of a d-c. application 
in modem railway practise. 

These d-c. substations, owned and operated by the 
power companies, the Commonwealth Edison Company 
and the Public Service Company of Northern Illinois, 
receive the 60-cycle energy for conversion to direct 
current from the 12-kv. transmission system of the 
Commonwealth Edison Company and the 33-kv. trans¬ 
mission system of the Public Service Company. 

To meet the exacting demands of heavy railway 
tei^nal service, the selection of the various electrical 
units and the arrangement of them in the substation 
layout followed along tried and proven lines. Yet 
consideration was also given to some equipment which, 
lacking at the time experience in the American field] 
gave promise of satisfactory adaptation to American 
practise through experience gained with the equipment 
in foreign use. 

The studies, trial investigations, and test set-ups 
made jointly by the engineering staffs of the railway 
company, the manufacturers, and the power companies, 
gave a satisfactory solution of the various problems 

of service, and these, coupled 
with the thought and experience of the power com¬ 
panies in furnishing conversion service for so many 
years to the traction systems of Chicago, were indis- 
pensable co nsiderations in the design of the substation 


including not only the major converting and switching 
units, but the elements of connection as well. 

Substation Buildings 

There are seven substation buildings in all, two of 
which are located outside the city in Public Service 
Company territory with the remaining five within the 
city limits. In keeping with the policy of both power 
companies these buildings are pleasing in architecture, 
substantial in construction, and of a style consistent 
with the best in the neighborhood. The buildings are 
one story and basement structures, arranged with 
more than the average space allotment per unit of 
equipment. Each bay, except the one for railway 
light and power equipment, is 24 ft. in width, which 
provides ample space around the main conversion units. 
This space is further increased by use of a converter of 
the consolidated type, in which the transformer and the 
converter are a single unit. 

The use of enclosed switch units of the withdrawal 
type for both the incoming transmission lines, and the 
outgoing distribution feeders, requires additional space 
m front of each unit for pulling out the truck. Under 
normal conditions, this arrangement provides still 

more floor space or aisles on each side of the converting 
row. * 

Increase in the size and number of auxiliaries required 
with modern installations has demonstrated that a 
previous basement height of 12 ft. is inadequate. An 
increase to 14 ft. was therefore made. Increased 
headroom is also provided for the operating floor which 
^owed more Uberal window space and pent house 
facility, thereby improving the light and ventilation. 

Conversion Units 


“d high schedule speed deid'by 
the suburban service on this electrified terminal 
1160 * 
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and to approximate these same duties under extra or 
congested traffic conditions, were the principal require¬ 
ments that had to be imposed on the conversion units. 

Over 80 per cent of the total conversion capacity is 
developed from 11 units of the rotating type, the 
synchronous converters, while the remainder is devel¬ 
oped from 4 units of the stationary type, namely, the 
mercury converter or rectifier. 

The decision to use rectifiers can be assigned to several 



Fibst Floor Plan—^Brookdale Substation of Common¬ 
wealth Edison Co. 


reasons, principal among them being that this new type 
had the natural advantage which a unit with no moving 
p^s has over one with rotating parts and wearable and 
friction surfaces, that it gave every indication through 
future development and application of meeting the 
demands placed upon it by American practise. Other 
reasons included the generally known advantages of the 
rectifier, high efiadency with fluctuating loads, absence 
of noise and vibration, low maintenance expense, and 
elimination of extensive ventilation facilities sometimes 
required with the synchronous converter. Also in this 
instance, a considerable amount of reserve capacity 
permitted the installation of a representative number of 
rectifiers. 

Synchronous Converters 

The synchronous converters, which are of General 
Electric manufacture, are furnished in 3000-kw. sizes 
with a d-c. voltage of 1500. Each outfit consists of 
two 1500-kw., 750-volt units operating in series. Each 
converter set is provided with a 3150-kv-a. air blast 
transformer arranged as stated before in a compact 
group by mounting the transformer on the bedplates 
of the a-c. side of the two machines. This served not 
only as a space reduction factor, eliminating the usual 
aisle of transformers lengthwise of the substation, but 
provides a short and convenient arrangement of a-c. 
leads between the transformer and the machine col¬ 
lector rings. 

To meet the stiff voltage regulation required under 


the agreement with the railway company, which permits 
a voltage variation within the narrow limits of 1400 to 
1550 d-c. volts, together with the high drafts of current 
drawn by the system during the maximum rush hour, 
the converters are designed with a rating of 50 per cent 
overload for two hours, and 300 per cent load for one 
minute. They are shunt wound and of the field con¬ 
trolled type whereby the control of the d-c. voltage 
is obtained by changing the excitation of the unit 
and providing regulation by means of the reactive 
current drawn from the line or converter. Because of 
the^ reactive current involved, several limits as to 
rating were established so that overloading by the 
reactive current or the load current; or by both, would 
not exist. As stated previously the useful load output 
varies from 50 per cent overload for two hours to 300 
per cent load for one minute, the corresponding rating 
for the reactive current output varies from 60 per cent 
reactive current at no-load to 30 per cent for the 50 per 
cent overload, and 50 per cent reactive for the 300 per 
cent load of one minute duration. 

^ To keep the reactive kv-a. within the prescribed 
limits and hold the d-c. voltage to definite values for 
any load within the rating of the unit, there are pro¬ 
vided common to all the converters in each substation, 
a counter e. m. f. regulating set, a 4-circuit rheostat, 
and a voltage regulator. 

In order to maintain normal voltage conditions on the 
low-tension secondary connections to the rotary at 
times when there may be low primary or system voltage. 



Sectional Elevation—Brookdale Substation of Common¬ 
wealth Edison Co. 

or to increase the amount of the secondary voltage dur¬ 
ing periods of high load, the ratio of transformation 
between the high and the low sideof the transformer may 
be changed in the ratio of 5 per cent by means of a 
tapped primary winding that is connected to two oil 
breakers, one of which provides a normal or 100 per 
cent voltage on the secondary side and the other con¬ 
nection 105 per cent voltage. That the load may not 
be interrupted when a changeover is desired, both 
brokers may be closed for a short interval to permit 
shifting from one tap to the other. These switch 
positions are known as the high and the low delta. 
In addition to this, the transformer is provided with a 
no-load tap changer on the primary side. Excitation 
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to the converter fields is furnished through a direct 
connected exciter operating on the shaft of the low- 
voltage converter. The exciter provides energy to the 
shunt fields of both machines at a fixed pressure, and 
each exciter and the shunt fields of the converters are 
connected in series to an excitation bus common to all 
the converter sets in the substation. Also to this bus 



12,(X)0-Volt Switchboard (Truck Ttpe—16th Street) 

is connected the d-c. motor of the counter e.m. f. 
regulating set. This places the motor of the regulating 
set in series with each exciter and the shunt field of each 
converter and by varying the voltage of the motor, the 
voltage applied to the converter field is likewise changed 
or controlled. A field rheostat common to both shunt 
fields is provided and is used chiefly during starting 
periods, or when the regulating set is taken off and the 
converters are controlled by hand. 

The function of the motor-operated, four-circuit 
rheostat and the Tirrill regulator on the d-c. side, is to 
control the operation of the converter and its regulating 
equipment under both normal and abnormal voltage 
conditions on the a-c. supply system in conjunction 
with the load and voltage conditions on the d-c. side of 
the unit; and to hold the performance of the unit 
within the prescribed reactive kv-a. limits over the full 
range of capacity. 

Briefly, these four rheostatic circuits which are 
known as A, B, C, and D circuits, function as follows: 

A circuit rheostat, which receives, through a poten¬ 
tial transformer connected to 12,000-volt bus an indica¬ 
tion of the voltage of the transmission system, controls 
or determines the entire setting of the rheostat through 
a rheostat arm that extends over the contacts of the 
other three circuits. If the voltage of the a-c. system 
IS raised or lowered the arm of the A circuit changes, 
and establishes a new setting for the rheostat. The 


range of the A circuit varies from 15 per cent above 
normal to 35 per cent below. However, it is not felt 
these limits in the transmission system voltage will 
ever be realized. 

The B circuit limits the minimum excitation of the 
converter fields so that the permissible reactive kv-a. 
will not be exceeded when high system voltage and low 
loads exist. 

The C circuit operates to limit the amount of re¬ 
active kv-a. during periods of high load and low a-c. 
voltage. It has an auxiliary function of permitting 
higher values of reactive current on momentary loads 
above 150 per cent. 

The D circuit, which is in series with the main coil 
of the Tirrill regulator, introduces resistance in the 
regulator circuit during periods of high a-c. voltage 
and loads below 40 per cent. This results in the regula¬ 
tor holding a higher d-c. voltage than actually exists, 
so that when a condition of no-load with high system 
voltage occurs the regulator will not tend to hold con¬ 
verter fields at minimum, as the load comes on, but will 
strengthen the fields with the increase in load. To do 
otherwise would increase the reactive current beyond 
the permissible limit. 

The undercompounding coil of the Tirrill regulator 
provides the proper amount of regulation for the con¬ 
verter. With normal a-c. voltage this regulation is 
1452 volts at 300 per cent load and 1525 volts at no-load. 



12,000-Volt Enclosed Switch Unit 


In those substations where the rectifiers have no 
regulating equipment, and the synchronous converters 
^e operated in parallel with them, the d-c. voltage of 
the rectifier is in direct proportion to a-c. volta ge and for 
succes^ul p^alleling the converter must have the same 
ch^ctenstics. This is accomplished by inserting a 
resistance m the undercbmpounding coil of the Tirrill 
regulator. By varying the amount of resistance, regu- 
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lation consistent with the voltage drop of the rectifier 
is obtained. 

The converter which has a speed of 600 rev. per min. 
is started by the Y-delta method. The unit operates 
off the 12-kv. bus through 4 oil breakers; the running 
switch, an automatic breaker of high interrupting duty, 
the Y and the high and the low delta breakers, the last 
three being non-automatic and of the ordinary type of 
frame or panel mounted oil switches. 

Each converter is connected to the 1500-volt d-c. 
bus through 3000-ampere high-speed circuit breakers 
of the bucking bar t3rpe located in both the positive and 
negative leads. The positive breaker, which is located 
in a metal enclosure on the operating floor, is arranged 
to trip in case of a reverse current arising either from 
faults within the unit, or on the transmission system. 
The. negative breaker, which is the more active of the 
two breakers, takes care of overloads or short circuits 
in the forward direction, that is, those overloads or 
disturbances occurring on the 1500-volt bus or feeder 
system. 

The negative breaker is provided with an automatic 
reclosing feature in case the overload or short circuit is 
cleared within a predetermined time. When the 
breaker opens a current limiting resistor is inserted in 
the circuit. The voltage drop across this resistor is 
inversely proportional to the resistance of the external 
fault. A ground or fault of zero resistance impresses a 
voltage of 1500 across the resistor. A time delay relay, 
which comes into action when the breaker opens, causes 
the negative to remain open and trips the positive 
breaker if fault condition persists for a definite length 
of time. This breaker, which is selective with the high 
speed breakers on the 1500-volt feeders, is located in 
open frame mounting in the basement in close proximity 
to the negative leads and bus. Other protective 
devices consist of a speed limit switch for overspeed 
protection and a ground or flashover relay, both of 
which trip all breakers connected to the unit. In 
addition to the protection against commutator flashing 
by means of the high-speed breaker, guards and arc 
chutes or hurdles are placed on the commutator 
between brush arms to break up and dissipate the 
flash, thus preventing its spread from bar to bar across 
the face of commutator. 

Mercury Rectifiers 

Four of the substations contain mercury rectifiers of 
the iron tank type. Three of these units operate in 
parallel with the shunt converters described above. 
Two of the units are of 3000-kw. size, each consisting of 
two 1000-ampere, 1500-volt rectifiers operated as a 
single unit. These sets, which are of Brown Boveri 
manufacture, have separate transformers and under¬ 
load tap changers but are connected to a common oil 
breaker. The water cooled rectifier tank is connected 
to the double six-phase windings of the transformers. 
This arrangement provides for 12 anodes which are 


equipped with air cooled radiators. The water con¬ 
sumption at rated load is approximately 3^ gallon for 
100 amperes of load per minute. The units are de¬ 
signed to carry 50 per cent overload for 20 minutes and 
300 per cent load momentarily. Each bowl or rectifier 
is provided with an ejector or mercury vapor pump and 
a single stage rotary oil pump, both for the evacuation 
of gases from the interior of the rectifier. The mer¬ 
cury vapor pump, a stationary device, which operates 
on the injector principle, is actuated by an electric 
heater located in the base of the pump. 



ISOO-VoLT Switchboard (Truck and Panel Type) 16th 

Street 

The vacuum, or conversely the pressure of gases 
within the unit, is measured by balancing the gases 
against a column of mercury known as the McLeod 
gage. A means of more quickly identifying conditions 
within the bowl is obtained by the direct reading 
vacuum meter. This device consists essentially of a 
hot wire gage operating on the Wheatstone bridge 
principle arranged so that two of the arms of the bridge 
are subject to the gas pressure within the rectifier while 
the other two are exposed to the pressure of the atmos¬ 
phere; the difference in resistance due to difference in 
pressure causes a current to flow through the vacuum 
meter which is calibrated to indicate the vacuum di¬ 
rectly in millimeters of mercury. 

All seals within the unit are made with mercury, 
asbestos, or by rubber gaskets. The unit is connected 
to the 1500-volt busses through a high-speed breaker 
placed in the positive lead of each cylinder. This 
breaker is of mechanical latched type, designed to 
operate on overload or short circuit which niay occur 
in either direction. 

The air breakers are interlocked with the oil breakers 
so that in case the oil breaker opens from overload or 
short circuit, the air breaker opens also. The rectifier 
is provided with relay equipment designed to take the 
unit off the service if excessive temperatures are present 
within the rectifier cylinder. 

The rectifier with the transformers, which are of the 
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oil-filled and self-cooled type, take the ordinary floor 
construction customarily found in station and substa¬ 
tion structures. However, no conservation of space is 
found with the rectifier, the floor area occupied by the 
rectifier being equal to that of the synchronous con¬ 
verter. Absolutely no noise of operation is associated 
with the rectifier proper. Some noise will be found 
in the rotary pump but none that cannot be mitigated 
to any desirable degree. 

The 1500-kw. rectifiers are of General Electric 
manufacture, two 500-ampere cylinders operating in 
parallel from a single transformer and oil breaker. 
Each cylinder consists of 6 anodes of graphite composi¬ 
tion and is provided with wire wound heaters to keep 
the anode insulators-at proper temperature during peri¬ 
ods of external low temperature and low loads that 
mercury will not condense on them. The water- 
cooled chamber is supplied with heaters for the same 
purpose. To reduce possibility of high transient volt¬ 
ages appearing on the rectifier, condensers in the form 
of power capacitors are connected to one set of three 
anodes and across the interphase transformer. That 
the load will divide equally between the bowls, anode 
reactors are provided. These rectifiers have practically 
the same other protective features as the 3000-kw. 
umts, except that following the same design provided 
for the General Electric converter, high-speed break¬ 
ers of the bucking bar type are placed in the posi¬ 
tive as well as the negative lead of the rectifier. 
These units have a rating of 50 per cent overload for 



3000 Kw., 2 Unit Convbrtbe (16th Street) 


20 minutes and 300 per cent load momentarily. The 
inherent regulation of the rectifier is approximately 
5 per cent. 

Switching Facilities 

Another feature of interest in these substations, 
especially those which are supplied from the 12-kv. 
system, is the design and arrangement of switching 
equipment on each side of the conversion units. Funda¬ 
mentally this consists in having the breakers and dis¬ 


connecting devices truck mounted and enclosed in 
metal housing. 

The use of the enclosed switch unit is not a new idea, 
having been on the market in various forms for some 
considerable time, but its application to both high- and 
low-tension switching in the same substation is some¬ 
what unusual. The point of principal interest in these 
installations, however, is the application of the switch 
unit to certain ideas gained from the operating and 
engineering experience with other switching arrange¬ 
ments. By means of interlocks it prevents that kind of 
operating hazard which seems to be always with us in 
the old style of fixed bus and switch structure, namely, 
that of pulling disconnective switches while under load. 
The switch unit makes readily accessible for mainte¬ 
nance, repairs, and inspection all of the wearable, 
adjustable parts. Not only is factor of safety improved 
but, because of the accessibility, better maintenance 
and repair work is done and theriore better perform¬ 
ance is obtained. 

Certain operating practises entirely practical with 
600-volt switching equipment are not acceptable when 
the pressure has been increased to 1500 volts or above. 
Correction by isolation, through elevation, may not 
always be desirable or lack of clearance may render 
the arrangement impractical, therefore the use of the 
switch unit, with the added advantage of accessibility, 
is in many cas^ a solution entirely satisfactory. The 
advantages accruing to the truck mounted breaker is 
consWerably- lessened when it is necessary to unbolt, 
and in many cases untape, the breaker connection from 
the fixed conductors within the structure. The use of 
the automatic disconnect for both the current-carrying 
circuits and the control circuits does away with the 
unwieldy, and in many instances dangerous, method of 
manual disconnection. The principle of pressure- 
contact disconnects can be used in many truck designs 
so that danger and bother from overheated disconnect 
switches is appreciably reduced. 

By the enclosure of the individual switches inseparate 
metaJ compartments, the tendency of the arc to spread 
in case of breakdown, is greatly reduced over those 
cases which have occurred in the open fixed type of 
structures. Confining the arc to one or two immediate 
comp^tments is quite different from the trouble 
experienced in the old design where the entire structure 
and sometimes the room become involved from one 
breakdown. 

The incon^g transnussion lines, bus tie connections, 
and connections to the individual conversion and trans¬ 
forming units within the substation are connected to 
the 12,000-volt busses through 3-phase, 15,000-volt, 
600-ampere, type O.E. 6 oil breaker of Westinghouse 
manufacture. The breaker, automatic disconnects, 
and hand-throw disconnects are carried in a panel 
mounted truck, the panel serving the double purpose 
of closing the cell compartmert and providing the 
switchboard facility for all instruments, relays, control 
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switches, and interlocks. The principal features of 
this tjrpe of iron clad switch gear, are that nothing 
electrical is accessible until the breaker is in the open 
position and that when the truck is withdrawn live 
parts are shuttered off or set back in protecting recesses. 
In addition to these features the switch unit, is provided 
with manual operated knife disconnects which permit 
all grounding operations to be made through the oil 
breaker, an operating practise which has been in force 
in the substations of the power company for many years. 
The grounding of any line, bus, or unit directly through 
cable, clamp, and knife switch devices means that the 
operator when the last connection of the circuit is made 
to a ground source, must be in immediate proximity of a 
fault to ground should an operating error be made. 
The simple method of making any set of disconnects, 
used in conjunction with a breaker, doublethrow, with 
the one side connected to a ground bus permits the 
operator to be at a safe distance when the last link in the 
ground connection is made (closing the oil switch) and 
also provides relay protection should an error exist 
and live circuits be grounded. 

This equipment is arranged so that an oil breaker can 
be partially drawn out of the cell for inspection of the 
parts, at the same time leaving the control intact for 
operation of the breaker but cutting off contact with 
all live high-tension connections. This group of 
breakers and housings is properly insulated for later 
installation of a fault bus system should one be found 
necessary. For the two substations located outside the 
city and operated by the Public Service Co., the 33-kv. 
switching equipment and bus including the transformers 
of the converters and rectifiers is located out of doors 
adjacent to the substation building. The high-speed 
air breaker connected to the positive lead of the con- 
versiomunits as well as all the breakers on the feeders 
are truck-mounted and enclosed in metal compartments 
similar to the switching facilities for the 12,000-volt 
equipment. The 1500-volt bus is also enclosed in 
same metal housings. The principle and characteristics 
of this breaker and its application to the 1500-volt 
distribution system of the railway terminal have been 
presented to the Institute by Messrs. Monroe and Allen. 

In order to avoid the inconvenience of testing high- 
voltage instruments, the watthour meters which 
measure the 1500-volt output energy of the converting 
units are installed in the negative lead of the unit in 
every instance except one, this being at the Front 
Avenue Substation where 1500-volt energy is also 
delivered to the Chicago, South Shore, & South Bend 
Railway Company. 

One bay of each substation contains the transformers, 
regulating and switching equipment for the a-c. supply 
to the railway company light, power, and signal systems. 
Energy is taken off the 12-kv. bus and stepped down to 
4000 volts for the 3-phase 4-wire railway light and power 
system and the 2300-volt for the single-phase signal 
system. As the signal system is ungrounded, an insu¬ 


lating transformer of equal ratio is provided in the sup¬ 
ply to the signal system. All the energy to the light, 
power, and signal systems is regulated. The switching 
equipment regulators, methods of installation, etc., are 
of the customary type found on a-c. distribution cir¬ 
cuits. Space is provided in the substation for an 
extension of this equipment when necessary. 

Operating Experience 

The synchronous converter without exception has 
shown a remarkable performance not only in the 
matter of regulation but under short-circuit conditions 
in which the number of flashed commutators has been 
practically negligible. Successful parallel operation 
with the mercury rectifier has been proved at all ranges 
of load. 

Taking the group of mercury rectifiers as a whole, it 
cannot be said that our confidence in them has les¬ 
sened. On the contrary, the operating experience 
shows that a great number of them could have been 
installed. For this class of service it has been demon¬ 
strated clearly that the use of one rectifier in a sub¬ 
station, operating as a base load unit with the converters 
reserved for the peak loads, results in a most satisfac¬ 
tory combination. In some instances a certain amount 
of trouble on the rectifiers can be charged to an overload 
condition as the earlier type of lacked capacity com¬ 
parable with that of the synchronous converter operat¬ 
ing in the same substation. 

In general, the rectifier under normal operation has 
shown such gratifying results and advantages and with 
recent improvements made upon the unit and its 
auxiliaries indicates a reliability practically equal to 
that of the sjmchronous converter. 

The performance of the high-speed breaker has been 
exceptional, especially in preventing the spread or 
reflection of short circuits back into the substation. 

The light, power, and signal systems, outside of some 
trouble initially, have given none. 

In common with the opinion given of the operating ex¬ 
perience of the entire terminal, as expressed in a previous 
paper, that **Prom every point of view the equipment 
has met all expectations and the complete operation has 
apparently been successful,” the operating experience 
of the substation equipment has indicated a siTYiilar 
result. Troubles have occurred as they naturally do on 
systems of this magnitude, but in no instance has any¬ 
thing happened that seemed impossible of solution, 
and in most cases immediate remeies have been found. 


Discussion 

D. C. Jacksons I am convinced that the 3000-kw., 3000-volt 
rectifiers that vre are planning to install in the substations of the 
Lackawanna Railroad are going to prove satisfactory and econom¬ 
ical conversion devices. The rectifier has had relatively little 
service in this country, but large service in Europe. It is an im¬ 
portant new instrument in heavy railroad electrification, and I 
think we will hear much more of it. Mr. Garrett speaks of it 
somewhat cautiously but at the same time indicates a degree of 
confidence in it which in my opinion is justified. 
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Sidney Withln^tont I agree thoroughly that the mercury 
rectifier is going to be extremely important in coimection with 
any d-c. railway electrification. It would be interesting to know 
whether any special devices are employed to insure the proper 
division of load between the rotary converters and the static 
rectifiers. 

W. B. Potter: I believe the rectifier will largely take the 
place of rotary converters and motor-generator sets on d-c. rail¬ 
ways, and to some extent for lower voltages where the conditions 
are more favorable to stationary apparatus. 

I believe the future for railway electrification, about which we 
have talked so many years, is beginning to look brighter. The 
steam locomotive engineers are improving the performance of 
the steam locomotive to such an extent that ere long we may an¬ 
ticipate a demand for even better service than can be furnished 
by the electric locomotive. 

A. M. Garrett: There are eleven or twelve rectifiers in 
operation now in the Chicago district, and probably double that 
number immediately outside in Northern Indiana and in 
Milwaukee. 

Professor Jackson raised the question of whether we weren’t 
too cautious in our opinion of the rectifiers. Our experience with 
rectifiers has shown three things: First, in connection with the 
phenomena of the electric arc, we have much to learn regarding 
what takes place inside the unit not only under normal conditions, 
but, abnormal conditions as well. The second point is whether 
we are reaching a limit in the rectifier as applied to American 
practise. The rectifier “grew up’’ in foreign practise and we feel 
that the systems back of them in Europe, differ from those in 
this country. Here there is a tendency to hold everything on 


the bus. In Europe, I understand it is a ease of disconnecting 
to keep the individual lines alive. A third point is whether we 
can apply improvements to the rectifier that will make it con- 
parable in every respect with the rotating converter. 

With rotating converters there are certain problems which 
have never been solved in connection with brushes and commuta¬ 
tors. The rectifier offers a solution to many of those problems. 
Furthermore, the fact that it is a static machine gives it a marked 
advantage over a rotating type. 

The point was raised of paralleling the rectifier with the con¬ 
verter. In one substation where there is both a converter and a 
rectifier, where the units might be called upon to operate with a 
300 per cent load with voltage limits between 1650 and 1400, it 
was felt that some special provision should be made for parallel¬ 
ing. A regxilator was installed but satisfactory performance can 
be had without it. 

We have two 600-volt rectifiers in operation now in the Chicago 
district, 3000 kw., 600 volts. They give good service. 

At times the adverse of performance of rectifiers has been 
marked but we believe with certain improvements very good 
service can be expected from them. For a city traction system 
where one unit per substation is used and the substations are 
located frequently along the routes so that load transfer from 
one. to the other may be provided, the rectifier is very well 
adapted. 

The rectifier shows up very well where mitigation of noise is 
necessary. In residential districts a rotating machine must be 
enclosed to keep the noise down. The rectifier on that one score 
alone shows to marked advantage. 



Master Reference System for Telephone 

Transmission 


BY W. H. MARTIN* 

Member. A. L E, E. 

Synopsis. —The telephone tvansmieeion system described here 
is the Master Reference System of the Bell System for the expression 
of transmission standards and the ratings of the transmission per^ 
formance of telephone circuits. The transmitter and receiver 
elements of this system are reference standards for the ratings of the 
transmitting and receiving performance of terminal station sets. 

A replica of this reference system^ installed in Paris^ has been 
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adopted as the Master Reference System of the International Ad¬ 
visory Committee on Long Distance Telephone Communication in 
Europe. The establishment of these two master systems provides a 
common reference for the telephone transmission work of the Bell 
System and the telephone administrations which are memhei's of this 
International Advisory Committee, 


T he Master Reference System for Telephone Trans¬ 
mission, as its name indicates, is to serve as the 
fundamental circuit in the ratings of the trans¬ 
mission performance of telephone circuits. In de¬ 
scribing this system, therefore, it will be advantageous 
to outline first the general considerations underlying 
the methods of determining and specif 3 dng these ratings 
and their applications. 

The conversions and transfers of energy which con¬ 
stitute the process of telephone tra nsm ission result in 
general in a difference between the speech sounds at 
the sending end of the telephone circuit and the sounds 
reproduced at the other end in the ear of the listener. 
These reproduced sounds may differ from the original 
in three important respects: their loudness, their dis¬ 
tortion or degree to which their wave shape departs 
from facsimile reproduction, and the amount of ex¬ 
traneous sound or noise which accompanies them. 
Prom the standpoint of telephony, the major impor¬ 
tance of a difference between the original and reproduced 
sounds is determined by its effect on “intelligibility,” 
that is, the degree to which the latter sounds can be 
recognized and understood by the listener when carrying 
on a telephone conversation. The tolerable departure 
of the reproduced from the original sounds is limited 
also by certain effects which are noticeable to the 
listener before they materially affect intelligibility, 
such as loss of naturalness. 

Measurements of intelligibility are of utmost im¬ 
portance in rating the performance of telephone circuits, 
but they are unduly cumbersome for direct use in the 
detailed development and design of telephone circuits 
and their many parts, particularly where small effects 
are concerned. It has been desirable, therefore, to 
handle telephone transmission work in two steps. One 
natural division is suggested by the statement that 
intelligibility is a function of the relation between 
the output and input speech sounds, and of the psycho- 
logical reac tion of the listener to these output sounds. 
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Because of the complex nature of the speech sound waves, 
however, it has been found more practicable to treat the 
transmission performance of telephone circuits in the 
following two parts: (1) the physical performance of the 
circuit, and (2) the relation between physical perform¬ 
ance and intelligibility. The physical performance of 
a circuit is taken here to cover the transmission char¬ 
acteristics which can be specified in terms of the per¬ 
formance for single frequencies, a number of frequencies 
being taken to cover the range which is important for 
the reproduction of speech sounds. These measure¬ 
ments of physical performance cover such things as 
the response-frequency characteristic of the circuit 
over the range of speech frequencies, the distortion 
due to non-linear elements, phase distortion, and the 
extraneous currents which cause noise. These deter¬ 
minations of physical performance do not include 
measurements of the speech sounds themselves, nor of 
the functioning of the talker and listener. This 
differentiation is advantageous in segregating the 
studies of speech sounds and of the psychological 
phases of the work, and permits the design of the 
operating plant and a large portion of the development 
work to be carried out on a physical basis. 

The determination of the relation between intelli¬ 
gibility and the physical performance of a telephone 
circuit is a laborious process, because persons play the 
parts of generators and meters and a number of people 
must be used in both parts to take into account the 
normal ranges of their performance. The goal of 
this portion of the work has been, therefore, to estab¬ 
lish suitable relations which will permit the determina¬ 
tion of the intelligibility of a circuit by computations 
which start with the physical characteristics of the 
circuit. This work^ has involved determinations of the 
capabilities of circuits having various kinds of physical 
characteristics to reproduce intelligible speech, investi¬ 
gations of the nature of speech sounds and hearing, and 
of people^s customs in using the telephone. 

Prior to the time when suitable means were available 
for measuring the physical performance of telephone 
circuits, and when the kinds of circuits in commercial 

1. For aU numbered references see end of paper. 
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use were quite similar in their distortion characteristics, 
the practise was adopted of rating the performance of a 
circuit by comparing it on a loudness basis with a 
reference circuit which was adjustable in attenuation, 
and whose distortion was closely similar to that of the 
commercial circuits. In such a comparison, a deter¬ 
mination is made of the equivalence of loudness or 
volume of these two circuits by talking alternately 
over them and adjusting the reference circuit until the 
sounds coming out of the two receivers are judged to be 
equal. For the conditions where volume is the im¬ 
portant controllable characteristic of telephone circuits, 
these loudness comparisons constitute a practicable 
and effective means of indicating the performance of 
these circuits. 

The reference circuit adopted about twenty-five 
years ago for these loudness comparisons consisted of 
transmitters, receivers, station sets, cord circuits and a 
line, of types which were then used commercially. 
In this reference circuit the line was an adjustable arti¬ 
ficial line simulating a No. 19A. w.g. cable circuit having 
a capacity per loop mile of 0.054 /i f. The amount of 
cable in this line, to give a loudness balance was taken 
as the rating of the circuit under comparison. This 
reference system, shown schematically in Fig. 1, has 
been called the Standard Cable Reference System. 

In addition to this rating of the performance of a 
telephone circuit, this standard cable reference system 
has had other applications. Certain settings of this 
reference system were selected as specif 3 dng the stand¬ 
ards of transmission which were to be provided in the 
design and operation of commercial circuits for the 
several kinds of service, such as local and toll. The 
effect of introducing or changing any part in a com¬ 
mercial circuit was rated in terms of the amount of 
cable by which it was necessary to change the line of the 
reference system to produce the same effect on the 
loudness of the reproduced speech sounds. Likewise, 
the transmitters and receivers of this reference system 
were used as reference instruments for the comparison 
and rating of other transmitters and receivers. 

This cable reference system has played a very im¬ 
portant and necessary part in the development of 
telephone transmission, in that it has provided a ready 
means of rating the performance of the various parts 
of the system and of any changes, and made it possible 
to^ design commercial circuits to provide a predeter¬ 
mined grade of service. The performance of this 
system was specified by stating the kinds of apparatus 
and circuits used. The performance of the elements of 
the electrical portion of the system could be checked 
by voltage, current, and impedance measurements, but 
for the transmitters and receivers reliance for con¬ 
stancy of performance was placed primarily upon the 
careful maintenance and frequent cross comparisons 
of a group of transmitters and receivers which were 
specially constructed to reduce some of the sources of 
variation in the regular product instruments. In this 


way, reasonable assurance of the performance of the 
reference system was secured. This system has been 
widely used both in this country and in other parts of 
the world, and the performances of the various systems 
have been kept in accord by frequent circulation of 
calibrated transmitters and receivers. 

As the telephone art has developed, modifications 
have been found to be desirable in this reference system 
to make it more suitable for its purpose. Telephone 
instruments and circuits have been designed and used 
which have less distortion than existed in the cor¬ 
responding parts of the cable reference system. For 
this reason it is desirable to have as a new reference 
system one with which the transmission over the most 
perfect telephone circuit or over some less perfect 
one may be simulated at will. The change of the unit 
of transmission from the mile of standard cable to the 
decibeF has brought about the need for a change in the 
line of the reference system. 

In selecting a new reference system, it is obviously 
desirable to eliminate as far as possible the factors 



Fig. 1—Standard Cable Reference System 


which are not subject to exact measurement, or which 
may possibly vary with time. For this reason, the 
elements of the new system have been chosen so that 
their performance may be definitely measurable at 
any time, and may remain as far as possible invariable. 
This applies also to those elements which are provided 
for insertion in the system when it is wished to produce 
some distortion which will make more easily possible a 
loudness balance between the reference system and the 
circuit under investigation. 

A reference system such as that described here, in 
which the essential elements are so constructed as to 
reproduce speech with a high degree of perfection, and 
with which provision may be made for modifying the 
speech in definite and reproducible ways, affords a 
convenient means for studying the capabilities of tele¬ 
phone ^ circuits of different physical performances. 
These investigations, however, are outside the purpose 
of this paper, which is to describe the new reference 
system and its application in making volume ratings. 

General Requirements 

The outstanding conception of the new reference 
system is that its performance should be suitable to 
serve as a reference base line for indicating the per¬ 
formance of all telephone circuits and that the trans- 
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mitter and receiver elements of the new system should 
provide similar base lines for the performance of electro¬ 
acoustic converters. To meet these needs properly the 
performance of the system and its parts should be ca¬ 
pable of being measured and definitely specified in terms 
of physical quantities. In this connection, there arises 
a matter which has been the subject of much discussion, 
namely, as to whether or not the specified performances 
of the reference transmitter and receiver should be those 
which are realized when used as telephone instruments. 
In reg^d to the transmitter, the difficulty comes in 
specifying the input when it is placed in front of the 
mouth of the talker. This is due to the non-uniformity 
of the sound field from the speaker's mouth, the nature 
of the waves of speech sounds, and the reflections of 
these waves from the transmitter. In regard to the 
receiver, the difliculty is due to determining the output 
when the receiver is held to the ear. To obviate these, 
it has been decided to specify the performance of the 
transmitter in terms of the electrical output for a 
given pressure on the diaphram of the transmitter and 
of the receiver in terms of pressure set lip in a simple 
closed chamber for a given electrical input to the 
receiver. These conditions are definite and reproducible. 

The most important requirement, then, for the refer¬ 
ence system is that the physical performance of the 
system and of its component parts should be capable 
of being measured and definitely specified in terms of 
physical quantities. If this requirement is realized, a 
system providing the specified performance can be set 
up wherever desired. This has been the main criterion 
in the design of the master reference system for tele¬ 
phone transmission which is described here. 

The second main requirement is that specifiable and 
predeterminable changes can be made with respect to 
the performance which is selected as the reference. 
These changes must be capable of varying the relation 
between the loudness of the reproduced sounds with 
respect to the initial sounds, the distortion of the wave 
shape of these reproduced sounds, and also the amount 
of noise accompanying these reproduced sounds. 

For convenience in specifsdng these requirements, it 
has been found desirable to impose another require¬ 
ment, namely, that the system be capable of giving a 
performance which is as free as possible from distortion 
and noise. It should be noted that two kinds of dis¬ 
tortion must be taken into account: that due to unequal 
efficiency for sounds of different frequencies and that 
due to non-linearity causing unequal efficiency for 
sounds of different magnitudes. This requirement is 
also of advantage in insuring that the reference system 
and its parts will have less distortion than any circuit 
or instrument with which it may be compared. This 
will permit the simulation of the distortion of such 
instruments or circuits by the insertion of distortion 
in the reference system. 

For convenience in use, it is highly desirable that 
the performance of the reference system and its parts 


be constant for a reasonable time under normal operat¬ 
ing conditions. 

General Features 

The master reference system® employs a transmitter 
and receiver which are capable of a high degree of 
freedom from distortion. The transmitter is of the 
condenser type and the receiver is of the moving coil 
type. Both these instruments are materially lower in 
efficiency than commercial types of apparatus, but this 
condition is compensated for by the use of multi-stage 
vacuum tube amplifiers. These instruments, together 
with their associated amplifiers, constitute reference 
standards for converters between acoustic and electrical 
energy. The third necessary element of a telephone 
transmission system, namely the line, is provided by a 
network of resistance elements. Such a line can be 
made to provide uniform attenuation over a wide fre¬ 
quency range, and can be made to control the magnitude 
of this attenuation over a large range. This line is 
taken as giving a reference performance for lines. 

The specification of the performance of such a system 
is based on the principle of the thermophone, which is a 
converter of electrical energy into acoustic waves by 
means of the heat generated by the passage of an electri¬ 
cal current through a resistance. FVom a knowledge of 
the form and physical constants of this resistance 
element, of the medium in which it is used, and of the 
electrical input to the element, the acoustic pressure 
generated in a chamber of known size can be determined 
by theoretical considerations.-* The performance of the 
condenser transmitter is determined by malHrig its 
diaphram a wall of a simple closed chamber in which the 
thermophone is placed. By this means a known pres¬ 
sure wave of any frequency over the range desired can 
be impressed upon the diaphram of the transmitter. 
The voltage output of the transmitter for a specified 
circuit condition is then measured. From this mea¬ 
surement, the ratio of the voltage output to the acous¬ 
tic pressure on the diaphram is established for that 
instrument and circuit condition. With the perform¬ 
ance of the transmitter thus established, the per¬ 
formance of the receiver element of the reference 
system is measured by acoustically coupling the 
receiver to the condenser transmitter, so that the 
receiver actuates the transmitter, and then determining 
the relation of the pressure generated by the receiver 
in the coupler to the voltage input to the receiver. The 
performance of the line element is determined by well 
known means. The performance of the whole system 
can then be expressed in terms of the pressure pro¬ 
duced by the receiver with respect to the pressure on 
the diaphram of the transmitter. 

The performance of this system is practically free 
from distortion for the energies which it is required to 
handle, and probably materially excels in this respect 
that of any previous system. With this system, volume 
relations between output and input sounds can be va¬ 
ried over a wide range with practically no accompany- 
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ing distortion. In comparing such a system, however, 
with commercial systems, it is advantageous also to be 
able to control distortion. This is particularly the 
case when using the instruments of the master system 
for rating the volume efficiency of commercial types of 
transmitters and receivers. To facilitate this, arrange¬ 
ments are made for the introduction into the amplifiers 
associated with the transmitter and receiver, of networks 
which may be designed to give a variation of efficiency 



Fio. 2 —Master Reference System for Telephone Trans¬ 
mission WITH Associated Calibration Apparatus 


shown on the three racks at the right. The calibration 
apparatus, consisting of an oscillator, thermophone, 
vacuum tube voltmeter, and volume indicator are 
shown on the other three racks. A schematic diagram 
of the master reference system is shown in Fig. 3. 

The reference transmitter consists of a condenser 
transmitter and associated four-stage amplifier. The 
condenser transmitter is simple and rugged in construc¬ 
tion. It has been available for work of this nature for 
several years during which time considerable experience 
has been obtained with it. In this system the con- 
densertransmitter is held in an adjustable mounting and 
is equipped with a guard by means of which the speaker 
can keep his lips at a fixed distance from the diaphram. 
This guard consists of a wire ring 4.7 cm. in diameter, 
held parallel to and at a distance of 4.1 cm. from the 
diaphram of the transmitter by three wire supports. 
A volume indicator with meter visible to the speaker 
enables him to maintain an approximately constant 
talking intensity. In the condenser transmitter,® 
shown in Fig. 4 and in cross-section in Fig. 5, a thin 
highly stretched duralumin diaphram is mounted close 
and parallel to a steel plate grooved and perforated for 
a,ir damping. This diaphram and plate form the 
electrodes of a condenser polarized by a battery through 
a high resistance. Sound vibrations impinging on the 
diaphram actuate it and produce variations in the 


with frequency which corresponds to that obtained with 
commercial apparatus. These networks and their 
distortion effect can, of course, be definitely specified. 
The line element of this master system can be replaced 
by a line or network giving any type of distortion 
desired. Also, known amounts of extraneous currents 
to produce noise can be introduced into this circuit 
without otherwise appreciably affecting its performance. 
This is accomplished by connecting a relatively high 
impedance source of voltage of the desired wave shape 
across a circuit element of relatively low resistance. 

^ This system provides a performance which is defi¬ 
nitely known, and which can be varied over a range of 
volume and distortion. It well meets the requirements 
and represents a material advance over the standard 
cable reference system which it now replaces. In 
order to tie together ratings established in terms of the 
old system with those of the new system, comparisons 
of the two have been made to determine the adjust¬ 
ments of the new system which make its loudness 
performance correspond with that of the old. 

Description op Master Reference System 

The master reference system with associated cali¬ 
bration apparatus is shown in Fig. 2. This equipment 
naounted on steel panels and racks, and arranged as 
shown, IS installed in a room, shielded from acoustical 
and electrical disturbances, at the Bell Telephone 
Laboratories in New York City. In Fig. 2 the trans¬ 
mitter, line, and receiver of the reference system are 



Fig. 3 Schematic Diagram of Master Reference System 


capacity of this instrument. The resulting alternating 
potentials, faithfully representing the sound pressure 
waves, are amplified by the associated amplifier. Be¬ 
tween the first and second stages of this amplifier, 
provision has been made for the introduction of dis¬ 
tortion networks to simulate the distortion of any 
transmitting system. Between the last two stages are 
attenuating networks permitting adjustment of the 
relation between transmitter input and transmitter 
output over a range of 22 db. in steps of 0.1 db. The 
output impedance of the amplifier is 600 ohms with 
negligible phase angle. 

The reference line consists of a series of balanced 
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resistance networks. This line has a characteristic 
impedance of 600 ohms matching the output impedance 
of the reference transmitter and the input impedance 
of the reference receiver, thereby eliminating any 
reflection effects at these junctions. By means of 
suitable controls the attenuation may be varied over 
a range of 101 db. in steps of 0.2 db. 

The reference receiver consists of a moving coil 
receiver and associated three-stage amplifier. Means 
are provided for adjusting the relation between the 



In order that an individual part of any telephone 
circuit may be compared with the corresponding ele¬ 
ment of the master reference system, the system is 
arranged so that the reference transmitter, reference 
line, or reference receiver, may be replaced by the 
corresponding part to be rated. 

Calibration op Master Reference System 

To specify adequately the performance of the master 
reference system, in terms of definite physical quanti¬ 
ties, apparatus is associated with the system for making 
electroacoustic calibrations of the,reference transmitter 
and reference receiver, and electrical calibrations of the 
circuits. In general, the method employed in these 
calibrations is to adjust the setting of an attenuator to 
obtain a deflection on the galvanometer of a vacuum 
tube voltmeter, equal to the deflection produced when 
measuring the output of the element under calibration. 


PiQ. 4 —Condenser Transmitter and Moving Coil Receiver 


input to the receiver and its output over a range of 22 db. 
in steps of 0.1 db. As in the case of the reference trans¬ 
mitter, provision has been made for the introduction of 
distortion networks to simulate the distortion of any 
receiving system. In the moving coil receiver® shown 
in Fig. 4. and in cross-section in Fig. 7, a coil of alu¬ 
minum ribbon, by vibrating relatively to a fixed per¬ 
manent magnet, actuates a clamped, unstretched, thin 
duralumin diaphram to which it is attached. Air 
damping in this receiver is secured by an arrangement 
somewhat similar to that employed in the condenser 



Pig. 5—Schematic Drawing op Condenser Transmitter 

AND Thermophone 

transmitter. The structure is simple, rugged, and 
from the standpoint of freedom from distortion, its 
performance is comparable to that of the condenser 
transmitter. The central surface of the diaphram is 
protected by a meshed wire screen instead of by the 
more usual tj^pe of receiver cap. This construction 
avoids resonance effects which would otherwise occur 
in the confined air space between diaphram and cap. 
The contour of the ear piece, resembing that of the 
familiar telephone receiver, permits the listener to 
readily center the receiver on his ear. 



Pig. 6—Thermophone in Chamber for Calibrating 

Transmitter 

This avoids the necessity for an absolute calibration 
of the measuring device. 

The source of alternating currents, used for cali¬ 
brating purposes, is an oscillator, capable of producing 
currents with a harmonic output usually less than 3 
per cent of the fundamental. 

The measuring equipment used for making the above 
calibrations consists of a two-stage vacuum tube volt¬ 
meter in conjunction with a tuned circuit connected 
across its input. By means of this tuned circuit, 
harmonics of the fundamental frequency to be measured 
are attenuated by at least 20 db. 

The calibration of the condenser transmitter is made 
with a thermophone, the gold leaf thermal elements 
being shown in Fig. 6. In Fig. 5 is shown a cross-sec¬ 
tion of a condenser transmitter and a thermophone. 
Petrolatum is used to form a seal between the instru¬ 
ment and the thermophone block. The air in this 
small enclosed chamber, formed by the walls and dia- 
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phram of the condenser transmitter and the thermo¬ 
phone block, is replaced by hydrogen. Since the 
velocity of soimd in hydrogen is approximately 4 times 
that in air, the frequency range over which measure¬ 
ments may be made before standing wave effects are 
experienced is extended by the use of this gas. In 
addition, the efficiency of the thermophone is increased, 
the constant of diffusivity for hydrogen being greater 
than that for air. Both alternating and direct currents 
are passed through the gold leaf thamal elements, the 
direct current being sufficiently large to make negligible 
the double-frequency* effect resulting when alternating 
current is supplied to the thermophone. The alter¬ 
nating current passing through the thermal-elements 
(gold leaf being selected because of its low heat capac¬ 
ity) causes variations in their temp^ature. Periodic 
expansions and contractions of the surrounding gas, 
resulting from the varying heat transfer occasioned by 
thelf periodic temperature changes of the thermal 



Fig. 7—Schematic Deawinq op Moving Coiii Recbiveh, 
CoTJPiiER, AND Condenser Transmitter 


With the switches in Fig. 8 in position the a-c. in¬ 
put to the thermophone and the amplifier gain are 
adjusted to obtain a convenient voltmeter deflection 
(Vvm). Then: 

T^VM = II It P Et a 

Operating the switches to position “B”and manipulating 
the attenuator to attain the same voltmeter defiection 
as before we obtain 

VvM = Vo A X = Ji jRi A X 

Then: 

X 



Fig. 8—Circuit por Calibrating Condenser Transmitter 


The moving coil receivers are also calibrated in a 
sealed chamber in an atmosphere of hydrogen by an 
arrangement shown in cross-section in Mg. 7. A con¬ 
denser transmitter, calibrated in the above manner, is 
actuated by the sound output of the receiver under test 
driven by the oscillator. The process involved is as 
follows: Referring to Fig. 9, 

VvM = Voltage across voltmeter. 

Vo = Voltage across attenuator input. 

Vr — Voltage across receiver terminals 


VoRr 
Rr -f- Rf 




elements, constitute soimd waves of precisely deter¬ 
minable pressure. These sound waves actuate the 
transmitter and thp ratio of the voltage ouiput to the 
sound pressure gives the transmitter calibration. The 
process involved is as follows: Referring to Fig. 8. 

Et = Voltage generated by condenser transmitter 
per bar (one d 3 me/cm. 2 ). 

Ji = Alternating current through thermophone and 
attenuator. 

P = Pressure developed by thermophone per volt 
alternating current across it. 
yvM = Voltage across voltmeter. 

A = Ratio of voltage delivered to 600-ohm load by 
the transmitter amplifier to voltage impressed 
in series with condenser transmitter. 

Vo = Voltage across attenuator input. 

Ri = Input impedance of attenuator. 

R = Thermophone resistance. 

N = Attenuator setting in db. 

TfR = Thermophone. 

C T ^ Condenser transmitter. 



Fig. 9—Circuit por Calibrating Receiver 

Rr = Impedance of receiver plus cord. 

Rf = Fixed resistance. 

Pr = Pressure developed by receiver per volt across 
receiver terminals. 

Et = Voltage developed by condenser transmitter 
per bar (one d 3 me/cm. 2 ). 

A = Ratio of voltage delivered to 600-ohm load by 
the transmitter amplifier to voltage impressed 
in series with condenser transmitter. 

Na = Attenuator reading with switches on ‘‘A.” 
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Nb = Attenuator reading with switches on 
C = Coupler (Fig. 7). 

CT = Condenser transmitter. 

With the switches indicated in Fig. 9 in position “A” the 
attenuator is adjusted to position Na to produce a 
convenient deflection on the voltmeter (Vvm). 

Rn 

VvM = Vo-^- Jp P^EtA X 

iVR -p 



included in these curves for the effect on the sound field 
of the speaker when talking into the condenser trans¬ 
mitter. Neither have corrections been applied for the 
effect of leakage between the listener's ear and the 
earpiece of the receiver nor for the difference between 
the volume enclosed in the sealed chamber when m akmg 
the calibration as compared with the volume enclosed 
in the ear canal when the receiver is held to the ear. 
The reference line, consisting of balanced resistance 
networks, has a uniform frequency response character¬ 
istic. The characteristic of the complete system, 
therefore, except as its level is affected by the attenua¬ 
tion in the reference line, is that of the reference trans¬ 
mitter and reference receiver combined, there being no 
reflection effects at the junctions of the reference line 
with either the reference transmitter or receiver. 

Fig. 11 shows the effect of introducing distortion 
networks in both the reference transmitter and refer¬ 
ence receiver. The distortion network introduced in 
the reference transmitter simulates the distortion in 
the transmitter, station set, and cord circuit, of the 
standard cable reference system. Similarly, the dis¬ 
tortion network introduced in the reference receiver 
simulates the distortion of the receiver, station set, and 
cord circuit, of the standard cable reference system. 
These two networks are designated, respectively. 
Transmitter Distortion Network No. 1 and Receiver 


Fig. 10—Response Characteristics op Reference Trans¬ 
mitter, Reference Receiver, and Complete Reference 
System with 0 db. in the Line 


Operating the switches to position “B"and adjusting the 
attenuator to some position Nb to reproduce the above 
voltmeter deflection Vvm we obtain: 

VvM ^ Vo Ax 

Then: 


Pr = 


(Pr -h Rf) X 

Pr Et 


The calibrations of the purely electrical elements of 
the circuit are made by measurements of input, output, 
and impedance. 

Fig. 10 shows, for particular amplifier adjustments 
which are discussed below, the frequency response 
characteristics of the reference transmitter, reference 
receiver, and the complete reference system with 0 db. 



FREQUENCY 

Fig. 11—Response Characteristics op Reference Trans¬ 
mitter AND Receiver with Distortion Networks 
A = Reference Transmitter— 0 db.—1.0 Volt per Bar 
B => Reference Receiver— 0 db.—1.0 Bar Per Volt 


in the line. The characteristic of the reference trans¬ 
mitter and also of the reference receiver, in each 
instance, is that of the instrument and associated 
amplifier combined. However, as the frequency re¬ 
sponse of each of the amplifiers is uniform within 
2 db., from about 60 to 10,000 cycles per second, the 
curves shown are essentially the calibrations of the 
instruments determined as described above. The 
primary purpose of these characteristics is to show the 
performance of these elements for definitely specified 
physical conditions. Consequently, no corrections are 


Distortion Network No. 1., The distortion of any 
transmitter, receiver, or station set may be similarly 
simulated by the design and introduction in the master 
reference system of a proper network. The advantage 
of such a procedure will be evident to those familiar 
with the difficulties of making voice volume balances 
between instruments of widely different frequency 
characteristics. The volume efficiency of any instru¬ 
ment can also be reproduced by adjustment of the 
cpntrols in the amplifiers of the reference transmitter 
or receiver as the case may be. The results of voice 
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volume balances made with the distorted reference 
system can be referred to the undistorted master 
reference system by applying a correction for the volume 
effect of the distortion network in the master reference 
system, this effect being determined independently as a 
rating of the distortion network. 

Experience has shown that amplifiers properly 
designed and constructed remain essentially constant 
with time. Such changes in gain as may occur because 
of replacement of vacuum tubes or other apparatus 
may be readily compensated for by adjustments of 
potentiometers provided for this purpose. Condenser 
transmitters are affected to some extent by variations 
in temperature and barometric pressure. The magni¬ 
tude of variation at any frequency between 50 and 
10,000 cycles per second from these causes may be as 
much as 2.5 db., although under normal operating 
conditions such as those experienced in buildings in 
this climate, the variation is usually not more than 1 
db. Since changes of this character are gradual in 
nature, their magnitude can be readily determined by a 
thermophone calibration. Corrections for any change 
in sensitivity of the instrument, may then be made by 
adjustment of the controls in the amplifier associated 
with the condenser transmitter to maintain the proper 
gain in the reference transmitter. Similarly, any 
variations in the response of the moving coil receiver 
may be compensated for by adjustment of the gain 
controls in the amplifier associated with this receiver. 
The magnitude of the variations, at any frequency 
between 50 and 10,000 cycles per second, in the moving 
coil receiver may be as much as 3 db., although usually 
variations of less than 1.5 db. are • observed. The 
calibration of the condenser transmitters, and indirectly 
of the moving coil receivers, is dependent upon the gold 
leaf thermophone, whose pressure characteristic is 
computed from physical measurements. Results ob¬ 
tained with thermophones can be held within about 
0.5 db. of the average obtained by using a group. 
Comparison op Master Reference System and 
Standard Cable Reference System 
Since the master reference system is to replace the 
standard cable reference system for volume ratings, the 
two systems have been compared by means of voice 
volume balances so that data obtained in the future 
may be directly comparable in this respect with those 
obtained in the past. The respective elements of the 
two systems, as well as tjie systems as a whole, have 
been compared. The station set and cord circuit at the 
sending end of the standard cable system are taken as 
comprising the transmitting element of that system 
and, likewise, the corresponding apparatus at the 
listening end as the receiving element. In these mea¬ 
surements the reflection gain at the jimction of the 
standard cable line and the output terminals of the 
transmitting element of the standard cable reference 
system has been taken as part of the transmitting 
efliciency of that element. Similarly, the reflection 


gain at the junction of the standard cable line andfthe 
input terminals of the receiving element of the standard 
cable reference system has been taken as part ofjthe 
receiving efficiency of this element. 

In the voice calibration of the master reference sys¬ 
tem to determine the adjustments which make this 
system equivalent on a volume basis to the standard 
cable reference system, eight series of voice tests were 
made. The purpose of the first five series of these tests 
was to determine the adjustments which make the 
master reference system with transmitter distortion 
network No. 1 and receiver distortion network No. 1 
inserted in their respective elements, equivalent on a 
volume basis to the standard cable reference system. 
The purpose of the sixth and seventh series of tests was 
to determine the volunae effects of the insertion of these 
distortion networks in the reference transmitter and 
receiver. The eighth series of tests was a direct com¬ 
parison of the master system without distortion net¬ 
works and the standard cable system, and so serves as 
an overall check on the determinations of the preceding 
tests. 

In the first series of tests a comparison was made of 
the reference receiver with its distortion network and 
the receiving element of the standard cable system by 
interchanging the two in the standard cable system, 
with 24 miles of artificial cable in the line. The receiv¬ 
ing element of the master system was adjusted so that 
its sound output was judged to be equal for this condi¬ 
tion to that of the receiving element of the standard 
cable system. In the second series of tests a similar 
comparison was made of the reference transmitter 
with its distortion network and the transmitting ele¬ 
ment of the standard cable reference system. These 
transmitting elements were connected in turn to a 24- 
mile standard cable line terminated by the reference 
receiver with its distortion network, the receiver being 
adjusted in accordance with the results of the first series 
of tests. In the third and fourth series of tests the 
master reference system with the distortion networks 
in both the transmitter and receiver was compared with 
the standard cable reference system, the line of the mas¬ 
ter system serving as the adjustable element. These two 
series of tests were similar except that 24 miles of standard 
cable were used in one series of tests and 14 miles of 
standard cable in the other. The adjustments for the 
reference transmitter and reference receiver in these 
tests were those determined from the first and second 
series. Prom the results obtained in the third and 
fourth series of tests, the magnitudes were determined 
of the reflection gain at the junction of the standard 
cable line with either the reference transmitter or the 
reference receiver, and of the volume equivalent of 1 
mile of standard cable in terms of db. The reference 
transmitter and reference receiver, each with its dis^ 
tortion network, were then readjusted in accordance 
with these data. The fifth series of tests served as a 
check on the results of the previous four series. In this 
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fifth series, the master reference system with transmit¬ 
ter and receiver distortion networks and 24 db. in the 
line was compared with the standard cable reference 
system with 24 miles of standard cable in its line. 

In the sixth series of tests the adjustment of the 
reference receiver without distortion was determined to 
make it equivalent on a volume basis to the reference 
receiver with distortion. The reference transmitter 
with distortion and the reference line with 24 db. 
formed the rest of the system during these comparisons. 
In the seventh series of tests the sound output of the 
master reference system without distortion was com¬ 
pared to the sound output of this same system with dis¬ 
tortion networks in the reference transmitter and 
reference receiver, the reference transmitter being 
adjusted to obtain a balance. During these tests 24 db. 
was kept in the reference line. The final series of tests, 
serving as a check on all of the above determinations, 
consisted of a comparison between the master reference 
system without distortion and the standard cable 
reference system, the line of the master system being 
adjusted in making this comparison. 

In making voice tests to determine the above settings, 
the speaker, whose position with respect to the trans¬ 
mitters was kept constant, called standard testing 
sentences in a conversational tone. A given intensity of 
calling was maintained by watching the deflections on a 
volume indicator connected across the output of the 
transmitting element. An observer, located in a quiet 
room removed from the systems or instruments under 
test, determined when the two systems under com¬ 
parison gave output sounds of equal loudness. Each 
testing team, consisting of a speaker and observer, 
made 12 balances. In order to attain a suitable pre¬ 
cision in the final results of these tests, a large number 
of testing teams was used, the number being largest 
for the tests where the difference in the quality of the 
output sounds of the two systems under comparison 
was greatest. For example, for the first series of tests, 
six teams were used, for the fifth 25 teams, and for the 
eighth series, where the master reference system without 
distortion was compared with the standard cable 
system, balances were made with 37 teams. In all, 
over 2000 individual balances were made. The stand¬ 
ard deviation of the determination for each of the flbrst 
five series is of the order of 0.5 db. and for each of the 
last three series about 1 db. 

The response characteristics of the transmitter and 
receiver elements of the master reference system, when 
adjusted on the basis of the results of the voice tests, 
to be equivalent on a volume or loudness basis to the 
corresponding parts of the standard cable reference 
system, are shown in Pig, 10. The mean values 
weighted from the standpoint of importance for volume 
are 0.027 volt per bar for the reference transmitter, 16 
bars per volt for the reference receiver, and 0.43 bar per 
bar for the complete master reference system with 0 db. 
in the reference line. Further consideration is being 


given to the values of these response characteristics 
of the reference transmitter and receiver to be adopted 
as standards. 

The response characteristics of the reference trans¬ 
mitter with transmitter distortion network No. 1 and 
of the reference receiver with receiver distortion net¬ 
work No. 1, when these elements are adjusted on the 
basis of the above voice tests to be equivalent on a 
volume or loudness basis to the corresponding parts of 
the standard cable reference system, are shown in Fig. 11. 

Application op the System 

The results of articulation tests over the master 
reference system when adjusted for optimum volume 
are practically equivalent to those obtained in direct 
air transmission in a quiet room. This system and 
replicas of it, are particularly adapted for use in making 
articulation studies, since they provide an approxi¬ 
mately ideal system with which the loudness of the 
output sounds can be varied distortionlessly over a wide 
range and in which distortion networks of various types 
and controlled amounts of noise can be introduced. 
In this way the effects on articulation of various kinds of 
physical performance of a telephone circuit can be 
investigated. 

The master reference system itself will be used chiefly 
for the important work of rating working standard 
systems and instruments. These working standards 
can be simpler than the master system and can be 
provided in any number required to handle the rating 
of commercial circuits and apparatus. 

The working standard may be of several forms. It 
can be similar to the master reference system, simplified 
in its detailed construction but capable of calibration 
by the means employed for calibrating the master refer¬ 
ence system. Such a system would probably find 
employment in laboratories and factories where the 
volume of testing is sufficient to justify the use of such 
apparatus. Another form may include electrostatic 
or electrodynamic instruments which are not capable 
of being measured by the calibration equipment of the 
master reference system. A third form which the 
working standard may take is that involving the use 
of transmitters, receivers, and station sets such as have 
been used in the standard cable reference system. 
These latter types of working standards can- be cali¬ 
brated by volume comparisons with the master system 
or with the first type of working standard. They will 
find their chief field of usefulness at such points as shops 
for the repair and recovery of station apparatus, where 
the volume of work is not sufficient to justify the 
expense involved in maintaining more elaborate working 
standards. 

European Master Reference System 

In Europe the recommendation of technical standards 
for telephony is a function of the Comit4 Consultatif 
International des Conununications Telephoniques a 
Grande Distance (C. C. I.), which is composed of repre- 
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sentatives of the various European telephone adminis¬ 
trations. In 1926, at the invitation of the C. C. I., 
representatives of the Bell System met in London with 
a committee appointed by the C. C. I. to consider the 
adoption of a transmission reference system. This 
committee recommended that the C. C. I. adopt as their 
master reference system a system essentially the same 
as the one described in this paper, and that such a 
system, which would be a replica of one in New York, 
be installed in Paris in the laboratory of the C. C. I. 
and be known as the European Master Reference 
System. This recommendation was adopted by the 
C. C. I. 

Subsequently, some improvements were made in the 
system, and two duplicate systems, each with its asso¬ 
ciated calibrating apparatus, have been constructed. 
One of these is now in the Bell Telephone Laboratories 
in New York and the other in the laboratory of the 
C. C. I. in Paris. The C. C. I. further recommended 
that primary and working standard systems, used in the 
telephone administrations adhering to the C. C. I., 
be calibrated in terms of the Master Reference System. 
The establishment of these two master systems insures 
the use of a common base line for the expression of 
transmission standards, and for the ratings of the 
transmission performance of telephone circuits in the 
two continents where the telephone system has had its 
greatest development. 
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Discussion 

F. A. Wolff* The reference standard for telephone transmis¬ 
sion described in this paper and the apparatus and method that 
have been developed in connection therewith will in my 
opinion stand for many years to come. 

In the first place, the apparatus and method meet the prime 
requirement of standards of measurement in that they give us 
something that is reproducible. In the second place, they fur¬ 
nish a practically distortion-free basis of reference. That elimi¬ 
nates much difficulty. Through the use of the supplementary 
distortion networks we are nevertheless able to make ready com¬ 
parisons between actual telephone transmission of a distorted 
character and the reference network. 

The use of the distortion network is exactly siTnilftr to the use 
of color filters in comparing incandescent lamps differing in the 
quality of the light which they emit. In general, wherever there 
is a difference of quality, there is difficulty in malriu g compari¬ 
sons, because human judgment must enter to such a large ex¬ 
tent. Eyes differ, so do ears. That makes it necessary in com¬ 
paring incandescent lamps of one color with those of another 
color or those of one efficiency with those of another efficiency, 
to" use color filters. The factor for making allowance for tkia 
difference in color is determined by making a very large number 
of observations by a very large number of individuals in order to 
refer the result to the average individual and the average eye. 
So with these distortion networks used by the authors. 

I think the Bell System is also to be congratulated because of 
the development of this method. Its presentation is indicative 
of the enormous improvements that have been made in the 
quality of commercial long-distance telephone transmission. 
Until that quality, which is very high today, far exceeds what it 
is, I do not think it will be necessary to make a revision of the 
master reference system for telephone transmission. I am sure 
that wall not be required for a long time. 
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Synopsis.—This paper describes two types of electrical analyzers 
which have been developed for the direct measurement of harmonic 
components of voltage and current on power and telephone systems. 
These devices are assembled mechanically in a form suitable for use 
either in the laboratory or in the field. Both instrument, which 
differ chiefly with respect to sensitivity and input circuit arrange¬ 
ment, employ multistage vacuum tube amplifiers and two duplicate 
interstage selective circuits. 

The power circuit analyzer is designed to measure harmonic 
voltages in the frequency range from 75 to SOOO cycles and over a 
voltage range from 0.6 millivolt to 60 volts. The telephone circuit 


analyzer operates over the same frequency range and measures 
harmonic currents as low as 0.06 microampere and voltages as small 
as 0.005 millivolt. Both analyzers are adapted to measure small 
harmonic voltages and currents in the presence of the fundamental 
component and other harmonics relatively large in magnitude. 

A number of devices are described which have been adopted for 
eliminating various sources of error. The paper presents in detail 
the characteristics of both instruments with respect to selectivity, 
sensitivity, linearity, balance of input with respect to ground, genera¬ 
tion of harmonics, and susceptiveness to stray fields. 

* * 4t * 9|C 


Introduction 

HE solution of many problems in electrical engi¬ 
neering, involving currents and voltages of 
complicated wave shapes can be most practicably 
carried out by a study of the individual sinusoidal 
components into which these complicated waves may 
be resolved. This is particularly true in the pase of 
problems dealing with the inductive coordination of 
power and telephone systems, since the induced noise 
in telephone circuits occurs largely at frequencies cor¬ 
responding to the harmonic components in the current 
and voltage waves of neighboring power systems. 

In recent years, many of the development and re¬ 
search problems in inductive coordination, with which 
the Bell System has been concerned, have required an 
accurate and comparatively rapid field method of 
analyzing complex waves. The analyzers which are 
described in this paper have been developed to meet 
the particular requirements of these studies, f The 
development of these instruments has proceeded in close 
association with the progress of the field work and modi¬ 
fications were made in the designs from time to time as 
necessitated by the requirements of the work. This 
has resulted in the production of two types of analyzers, 
one of which is particularly adapted for use with 
suitable instrument transformers and shunts on power 
circuits, and the other for use on telephone circuits. 
These have been termed for convenience the “power 
circuit analyzer” and the “telephone circuit analyzer.” 

These analyzers have been in active service in the 
field for some time and have piermitted the obtaining of 
much valuable data as to coefficients of induction 
between power and telephone systems, the wave-shape 
of power machinery and systems, and analyses of 

*Ameriea]i Telephone & Telegraph Co., New York, N. T. 

fReierenees to a number of other harmonic analyzers on which 
mfonhation has been published in recent years are given in a 
brief bibliography attached to this paper. 

Presented at Summer Convention of the A. I. E. E., Swampscott, 
Mass., June 24-28, 1929. 


noise currents on telephone circuits. They are ar¬ 
ranged in suitable form for use either in the laboratory 
or in the field and in some instances have been mounted 
in specially equipped testing trucks. 

Aside from their use in this work on inductive co¬ 
ordination, it is felt that the instruments may have a 
field in other power and communication problems in 
which a knowledge of the magnitudes of harmonic 
voltages and currents is important or where measure¬ 
ments at single frequencies are desired in the presence 
of extraneous voltages and currents as large or larger 
than the single frequency it is desired to investigate. 

The over-all accuracy of an instrument of this type 
depends upon the conditions surrounding its use. 
These include the magnitude of the component being 
measured as compared to the magnitudes of the funda¬ 
mental and other harmonics present, the relative magni¬ 
tudes of the voltage across the. terminals of the instru¬ 
ment and the voltage between these terminals and 
ground, and the severity of stray fields from nearby 
power circuits. Under average conditions, the analyz¬ 
ers which are described in this paper should give results 
with an over-all accuracy of within ± 5 per cent of the 
quantities measured. By means of these instruments it 
is possible to make a complete analysis of a complex 
wave over the frequency range up to 3000 cycles in 
from 30 to 45 min., depending upon the number of 
harmonic components present. The working up of the 
results in terms of volts and amperes consists in multi¬ 
plying together not more than three quantities. The 
obtaining of a complete harmonic analysis in terms of 
volts or amperes should not, therefore, require more 
than one man-hour. The apparatus is so arranged that 
practically simultaneous analyses may be made of a 
number of currents or voltages. 

General 

As stated above, two general types of analyzers have 
been developed, the first, being designed for use on 
power systems, while the second, a more sensitive 
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instrument, is intended primarily for measuring currents 
and voltages of the magnitudes commonly experienced 
on telephone systems. 

The requirements of both types of analyzers with 
respect to selectivity and at the same time insensibility 
to commercial frequency variations are practically the 
same. Therefore, the same selective equipment, de¬ 
signed to give a response curve which is parabolic in 



Fia. 1 —Schematic Diagram of Analyzer Circuit 


form, has been employed in both instruments. Other 
requirements which have been particularly considered 
in the development of the analyzers have to do with 
sensitivity, impedance of input circuits to be provided, 
insensibility to stray fields, and the limiting of har¬ 
monics generated within the instruments due to modu¬ 
lation effects. In both analyzers and in the telephone 
analyzer in particular, special consideration has been 
given to the matter of input circuit balance with respect 
to ground. This is in order that the accuracy of mea¬ 
surement may not be impaired when the voltage across 
the input circuit is small as compared to the voltage 
between the input terminals and ground, a condition 
which frequently obtains on telephone systems. The 
methods employed in meeting these various require¬ 
ments and their effectiveness will be discussed in 
detail below. 

Under ordinary conditions the telephone circuit 
analyzer may be operated satisfactorily on power 
systems. As will be brought out in the ensuing dis¬ 
cussion, however, the power circuit instrument embodies 
somewhat greater refinement with respect to shielding 
from stray fields and the limiting of generated harmonics 
due to modulation. Although the sensitivities of the 
two instruments are necessarily different and while 
each instrument includes a number of special features, 
the general arrangements and methods of operation of 
the two analyzers are similar. 

Electrical Circuit. Each analyzer consists essentially 
of a multistage vacuum tube amplifier equipped with 
suitable controls, a measuring dial and associated 
multipHers, a calibrating circuit, and a sensitive d-c. 
indicating meter operated by a thermocouple in the 
output circuit of the amplifier. Selectivity is afforded 
by means of duplicate tuned circuits inserted between 
stages of the amplifier. A schematic diagram indicat¬ 
ing the general arrangement of the analyzer circuit is 
shown in Mg. 1. 

To assist in visualizing its operation, the analyzer 
may be considered simply as a combination of a poten¬ 
tiometer and a sensitive selective a-c. voltmeter of 
infinite impedance, as indicated schematically in Mg. 2. 


Transacti»ujs A. I. E. E. 

Let it be assumed that a voltage applied to the input 
of the potentiometer, the sliding contact of which i.s 
set at a point C, results in a voltage V across the volt¬ 
meter. If the voltage Ve is replaced by a second voltage 
y,„ of the same frequency and if with the potentiometer 
contact set at a point M, the same voltage V i,s re¬ 
produced across the voltmeter, then from the law of the 
potentiometer, 

y.: ■ R. 

M*om this relation, it is evident that the potentiometer 
might be provided with a voltage scale, graduated in 
inverse proportion to the resistance, from which, using 
the voltmeter deflection as a reference, the ratio be¬ 
tween two voltages as Vr and y,„ might be determined 
directly. Similarly if the voltage K were a known 
voltage and the scale of the potentiometer were grad¬ 
uated in volts, the point C corresponding, to the voltage 
Ve, the magnitude of an unknown voltage as y,„, 
might be read directly from the scale. 

Referring again to the schematic diagram in Mg. 1, 
the actual operation of the analyzer circuit is as follows: 

For calibration, the input circuit is connected to a 
source of known single-frequency voltage, y«, or current 
4, the tuned circuits being adjusted for resonanc'c at 
the calibrating frequency. The calibrated measuring 
dial is set to correspond to the magnitude of the cali¬ 
brating current or voltage. The indicator of the output 
meter is then brought to a reference position by means 
of a set of controls which govern the gain of the ampli¬ 
fier. A definite relation is thereby established between 
the magnitude of the calibrating voltage or current, the 
indication of the measuring dial, and the deflection of 
the output meter. The input terminals are then 
connected to the circuit whose voltage or current wave 
is to be analyzed. For a complete analysis, the tuned 
circuits are adjusted progressively over the frequency 
range to be covered and as the meter responds at various 



Fig. 2—Equivalent Circuit op Analyzer 


frequencies, the tuned circuits are carefully adjusteil to 
pve a maximum deflection. The indicator of the meter 
is then returned to the original reference position by 
means of the measuring dial and its multipliers. The 
magnitude of each unknown harmonic is then deter¬ 
mined from the product of the setting of the measuring 
dial, its multiplier, and a small correction factor for the 
frequency characteristic of the analyzer in case the 
frequency in question differs from the freiiuency at 
which the analyzer was calibrated. The frequencies 
of the measured harmonics are determined from the 
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settings of theadjustable condensers in the tuned circuits. 

The particular circuit features of the power and tele¬ 
phone analyzers will be discussed in the following 
sections of the paper. 

Mechanical Arrangement. For convenience in trans¬ 
porting and setting up the apparatus in the field, 
each type of analyzer has been assembled in two units, 
known as the “amplifier unit^* and the “harmonic 



Pig. 3—Power Circuit Anautzer and Calibrating 

Oscillator 

selector unit” respectively. The selector units used 
with both the telephone and power circuit amplifiers 
are identical. An illustration of a completely assembled 
power analyzer, together with its calibrating oscillator, 
is shown in Fig. 3. 

The lower unit in Fig. 3 is the harmonic selector, 
and includes all the equipment making up the two tuned 
circuits. This apparatus is assembled in a cabinet 
approximately 33 in. long, 12 in. high, and 11 in. deep, 
the whole weighing approximately 125 lb. The con¬ 
trols which appear on the panel of the selector unit are 
dials associated with the adjustable tuning condensers 
and keys for switching the various tuning inductances 
and fixed condenser units in and out of the circuit. 

The amplifier unit as indicated in Fig. 3, is designed 
to be mounted directly on top of the harmonic selector. 
It is assembled in a cabinet of the same length and depth 
as the selector unit, but is approximately 19 in. high. 
The amplifier unit weighs approximately 200 lb. The 
controls which are provided on the panel of the ampli¬ 
fier unit include the measuring dial, a number of keys 
governing the various measuring circuits used, and 
miscellaneous equipment incidental to the operation 
of the amplifier. An ammeter for reading filament 


microamperes, and is ordinarily suspended from the left 
side of the amplifier unit. 

The interconnections between the amplifier and 
selector units are provided with an electrostatic shield 
as indicated in Fig. 3. 

In addition to the equipment outlined above, the 
analyzer requires an “A” battery of approximately 24 
volts, suitable for supplying a current of one ampere, 
together with a “B” battery of 130 volts from which a 
current of approximately 40 milliamperes may be 
supplied. 

Harmonic Selector 

A wave analyzer for general use on power and tele¬ 
phone systems must meet two important requirements 
with respect to selectivity: 

1. It must be sufficiently selective to permit the 
measurement of small harmonics in the presence of 
relatively large components at neighboring frequencies. 

2. The shape of its response curve in the immediate 
neighborhood of the tuned frequency must be such 
as to permit small variations in the frequency of the 
component being measured without resulting in large 
variations in the magnitude of the analyzer reading. 

Two independent tuned circuits operating in tandem, 



Fig. 4—Seleotivitt of Two Sections of Harmonic Selbotor 

IN Tandem 


current is provided together with a voltmeter which, in 
conjunction with a number of push button type keys, 
is used for reading the voltages of the “B” and “C” 
batteries. The two dials mounted on the upper right- 
hand comer of the panel provide fine and coarse ampli¬ 
fication controls respectively. The vacuum tubes 
extend outside the front of the panel and are covered 
by copper mesh which protects the tubes from mechani¬ 
cal injury and also acts as a shield against stray electro¬ 
static fields. 

The indicating meter used is of the edgewise type, 
giving a full-scale deflection on approximately 200 


Selectivity - Besponse at Tuned greq.nency (Ft) 

BespoDse at Extraneous frequency 

as employed in the analyzers which are described in 
this paper, seem particularly adapted to these require¬ 
ments. The effect of the two circuits in tandem is to 
discriminate against extraneous harmonic components 
close to the tuned frequency in proportion to the square 
of the differences between their frequencies and that 
to which the circuits are tuned. The response curve 
obtained with such an arrangement is, therefore, ap¬ 
proximately parabolic in form, being relatively flat in 
the immediate neighborhood of the tuned frequency 
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e^^emely rapidly at frequencies sub- 

^ y ©rent from that at which the circuits are 
in resonance. 

The majdmum selectivity available with two tuned 
circuits of this type could not be used practicably on 
commercia systems on account of the errors which 
wou residt from small frequency variations. It has 

een oun desirable, therefore, to provide padding 
resistances which may be switched in series with the 
remnant circuits to degrade the selectivity somewhat. 

Ih^e A curves in Pig. 4 indicate the over-all degree of 
se ectivity obtained with the padding resistances in 
series with the two resonant circuits, this being the 
^angement commonly used. As may be seen from 
he 180-cycle A curve, it is possible to measure a 180- 
cyc e harmonic in the presence of a 300-cycle com¬ 
ponent 50 times as great. Since the meter measures the 
r. m. s. sum of the desired and undesired components, 
the latter in this case will cause an error of only 2 per 
cent. 

The effect of variations in frequency on the stability 
0 the analyzer reading is indicated by the curves in 
Fig. 5. These curves are for the normal operating 
condition, that is, with the padding resistances in 
series with the tuned circuits. It should be borne in 
mind that the frequency changes on power systems 


amplifying tube by a condenser of relatively low im¬ 
pedance (4.5 /if.) which is common to both circuits. 
The voltage across the inductance branch is utilized 
as the output of the tuned circuit and is impressed 
across the grid filament circuit of the following ampli- 
fsdng tube. 

In the design of the. harmonic selector it was found 
impracticable to employ a single tuning inductance 
over the entire frequency range from 50 to 3000 cycles. 
Such an arrangement would either require a broad and 
expensive range of adjustable capacities or, if relatively 
small capacities and large inductances were used, the 
large impedances of the capacity and inductance 
branches would render the circuit susceptible to the 
effects of leakage. Furthermore, variations in ampli- 


Eouot^ 



Fia. 6 Single Section op Harmonic Selector—Schematic 



Fiq. 6—Stability op A.^a.XjYzer Readings with Frequency 

Variation 

Two harmonic selector sections in taiirt Am 

referred to here take place comparatively slowly. 
In the time ordinarily required to make a given mea¬ 
surement, therefore, little trouble is experienced from 
frequency variations. 

In cases in which a very high degree of selectivity 
is required, in the range from 540 to 3000 cycles, and 
in which the frequency stability of the generating source 
will permit, the padding resistances may be short- 
circuited. The degree of selectivity obtained under 
this condition is indicated in tbe B curves of Fig. 4 . 

A schematic circuit diagram of a single section of the 
harmonic selector unit is shown in Fig. 6 . As is indi¬ 
cated in this figure each section consists essentially of a 
series resonant circuit consisting of a fixed inductance 
and an adjustable capacity. This resonant circuit is 
coupled to the plate filament circuit of the preceding 


fication over the range of tuned frequencies would be 
excessive owing to variations in the losses in a single 
coil. 

An arrangement which has proved practicable pro¬ 
vides three tuning inductances of 8 . 5 , 1 . 1 , and 0.15 
henrys, respectively, for covering the frequency range 
as indicated in Fig. 6 . Frequencies from 100 to 3000 
cycles are covered by adjustable condensers having 
capacities from 0.0001 to 0.3 /if. The selector is 
tuned for 50, 60, and 75 cycles by means of fixed con¬ 
densers which may be connected in parallel with the 
adjustable units. 

The harmonic selector is arranged to give an ampli- 
fication-tuned-frequency. characteristic which is rela¬ 
tively fiat over the frequency range from 180 to 3000 
cycles. The resistance Bo, Fig. 6 , is approximately 
equal to the impedance of the plate filament circuit 
of the tube, providing for maximum undistorted output 
power. Since the reactance of the coupling condenser 
Co is small as compared to the sum of Bo, and the tube 
output impedance, the current Jo for a given voltage 
across the grid filament circuit of the tube is practically 
independent of frequency.- Similarly, since the re¬ 
actance of the coupling condenser is generally (except 
at the lower ends of the tuning ranges) small compared 
to the effective resistance of the tuned circuit, the volt¬ 
age impressed on the tuned circuit is 

“ ^(Co)°(10-6)’ approximately 

which is inversely proportional to frequency. If the 
effective resistance of the tuned circuit. Be, were con- 
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stant the output voltage at any tuned frequency would, 
therefore, be 




Vo(caL) 

Re 


approximately 


loL 

“ R. Co (10-) approximately 

and would be independent of the tuned frequency. 
Actually, of course, the effective resistance of the tuned 
circuit increases considerably with frequency and the 
above relation holds over a very limited range of tuned 



Fig. 7—^Piltee foe R. M. S. Measttebments—Ciectjit 

Diagbam 


frequencies only. The effect of the increasing effective 
resistance on the amplification-frequency character¬ 
istic of these analyzers is largely neutralized, however, 
by the insertion of an equalizing circuit consisting of a 
capacity and resistance in parallel connected in series 
pvith the resistance Ro. The remaining effect is taken 
care of in curves furnished with the instruments in cases 
in which measured frequencies differ from those at which 
calibrations are made. 

The differences in amplification in the frequency 
ranges covered by the three tuning inductances are 
taken care of by independent corrective resistance 
networks, associated with the resistance Rn, in the three 
ranges. 

In addition to the arrangements for measuring the 
fundamental and individual harmonics, an additional 
circuit is provided for measuring the r. m. s. sum of all 
harmonics between 180 and 3000 cycles. This device 
includes two sections of modified confluent band 
filter which may be substituted for the first tuned circuit 
of the harmonic selector and an equalizer section, for 
flattening the frequency characteristic in the measuring 
range, which is substituted for the second tuned circuit. 
The transmission-frequency characteristic of this ar¬ 
rangement is such as to cut off between 60 and 180 cycles 
and between 3000 and 5000 cycles, the curve in the 
range between these points being practically flat. A 
diagram of the circuit for r. m. s. measurements is 
shown in Fig. 7. 

Power Circuit Amplifier 

In the design of a suitable amplifier unit for use with 
the harmonic selector in measurements on power 
systems the following requirements have been partic¬ 
ularly considered: 

1. Its input circuit including the measuring dial 
and multipliers must be linear with current and voltage 
over the range to be measured at any given frequency. 


2. The input circuit must be sufficiently well 
balanced with respect to ground to permit the measiire- 
ment of small voltages and currents with relatively 
large voltages existing between the input terminals and 
groimd. 

3. Harmonics generated within the instrument 
itself must be kept at a minimum and if possible should 
be less than those generated in instrument transformers 
commonly used on power systems. 

4. Its accuracy must not be impaired by pick-up 
from such stray electromagnetic and electrostatic 
fields as are commonly experienced in the vicinity of 
power apparatus. 

As stated above, the amplifier unit consists of a 
vacuum tube amplifier and its associated controls to¬ 
gether with a measuring dial and a calibrating circuit. 
Three input circuits are provided for measuring power 
circuit voltages, currents, and small voltages across 
shunts, respectively. The impedances of these three 
circuits and the sensitivities available are as follows: 


Quantity measured 

Input impedance 

Minimum measura,1:>le 
current or voltage 

Voltage. 

10,000 ohms 

0.2 ohm 

1,000 ohms (Approx.) 

0.05 volt 

2.5 milliamperes 

0,5 millivolt 

Current. 

MiUlvolts. 



At fundamental frequencies the minimum measurable 
voltages and currents are ten times those given above. 

The 10,000-ohm voltage circuit is intended for use 
across the secondaries of potential transformers or in 
other locations where the fundamental voltage does not 
exceed 110-150 volts. The 0.2-ohm current measuring 
circuit is designed particularly for use in the 5-ampere 
secondaries of current transformers. It is designed to 
carry continuously a current of 7.5 amperes. The 



Fig. 8—Powee Analtzbe—Input CiECxnT—S chematic 


millivolts circuit, may be used under a variety of con¬ 
ditions and is particularly intended for use with power 
system shunts. The constants of the three circuits are 
so arranged that their calibrations are made simulta¬ 
neously by a single adjustment of the amplifier gain. 

A schematic diagram indicating the general arrange¬ 
ment of the input circuits in the power amplifier is 
given in Fig. 8. These circuits are designed to measure 
harmonic components over a range of from 1 to lOOO 
times the current and voltage values given in the above 
table. Errors due to non-linearity in the input circuits 
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over this range do not exceed approximately =fc 3 per 
cent at frequencies from 120 to 3000 cycles. Except 
at the extreme ends of the scale at frequencies below 
180 cycles such errors do not exceed ± 1 per cent. 
Fundamental components of current and voltage can 
be read up to 7.5 amperes and 150 volts, respectively. 

In order to avoid errors due to the effects of relatively 
large voltages to ground on the input terminals the 
input circuits are accurately balanced with respect to 
ground. Transformers whose primary windings are 
especially well balanced and which include interwinding 
electrostatic shields are employed between the line 
terminals and the measuring circuit. Similar pre¬ 
cautions are taken to avoid unbalances and stray 
capacity effects in the wiring external to the trans¬ 
formers. As an example, the degree of balance at¬ 
oned in the input circuits of one particular instrument 
is indicated in the following table- These figures repre¬ 
sent the apparent voltages across the circuit resulting 
from the effect of one volt between the input terminals 
and ground, the analyzer being adjusted to measure 
60-cycle harmonics: 


Frequency 
(c. p. 8.) 

Apparent voltage across measuring circuit per volt 
above ground 

Current and 
millivolts circuit 

Voltage 

circuit 

180 

0.000007 

0.0007 

540 

0.000008 

0.0008 

1020 

0.000013 

0.0014 

2100 

0.000021 

0.0022 

3000 

0.000024 

0.0027 


In order to avoid the generation of harmonics of 
appreciable magnitudes within the analyzer itself due 
to modulation effects it was found necessary to provide 
special devices for suppressing the fundamental com¬ 
ponent of the wave under analysis and for balancing 
out harmonics generated in the input transformers. 
A brief description of the operation of these features 
of the input circuit is as follows: 

Referring to Pig. 8, it will be seen that two parallel 
input circuits are provided, one consisting of the trans¬ 
formers Ti and Ta and the resistance Ri, the second 
consisting of the transformer Tz, a low-pass filter, and 
the resistance Rz. In the first branch, the complex 
voltage impressed across the primary of the transformer 
T 1 is reproduced in practically undistorted form across 
the resistance Ri. In the second parallel branch, the 
harmonics in the complex wave are effectively sup¬ 
pressed by the low-pass filter, the voltage across the 
terminating resistance Rz being of practically pure 
fundamental frequency. By a proper adjustment of 
the circuit constants, the voltage across Rz may be 
made practically equal to an opposite in phase to the 
fundamental component of a portion of the complex 
voltage across Ri. By impressing these two voltages 
in series across the grid circuit of a vacuum tube. 


the fundamental component of the complex wave is 
effectively balanced out. 

With the fundamental component eliminated ahead 
of the first amplifying tube there remain the harmonic 
components originally in the complex wave and those 
generated in the input transformers. These latter, 
components, which result in errors in measurements 
of small harmonics, may be effectively reduced by 
means of a third transformer Ta connected as indicated 
in Fig. 8. By a proper adjustment of the resistance Ra 
across the secondary of the transformer Ta the harmonic 
components of current in the resistance Ri generated 
in the transformers Ti and Tz are effectively neutral¬ 
ized by equal and opposite components generated in 
Ta. The voltage Vi across a portion of Ri, which is 
impressed across the input circuit of the tube is, 
therefore, practically free from generated harmonic 
components. 

These means for controlling the generation of har¬ 
monics in the power analyzer have proved very effective. 
In one particular instrument the generated harmonics 
observed in the case of a 60-cycle fundamental voltage 
of 102 volts were as follows: 


Per cent generated harmonics 


voltage 

2nd 

3rd 

4th 

5th 

6th 

7th 

9th 

102 volts. 

0.07 

0.08 

0.008 

0.02 

♦ 

♦ 



"‘Too small to measure—less than 0.01 per cent. 


The power amplifier unit is specially shielded against 
stray electrostatic fields at all susceptible points with 
copper shielding. Similar shields of annealed iron are 
provided with all susceptible wound apparatus as a 
protection against stray electromagnetic fields. A 
large number of tests carried on in the field indicate 
that the analyzer is sufficiently well shielded for general 
use in the vicinity of power apparatus. 

A circuit diagram of the amplifier which is used in 
conjunction with the input circuits described above is 
^own in Fig. 9. This portion of the circuit is identical 
in both the power circuit amplifier and the telephone 
circuit amplifier which is to be described below. 

Telephone Circuit Amplifier 

The amplifier which has been designed for use with 
the harmonic selector on telephone systems differs 
from the power circuit amplifier chiefiy in the matter 
of sensitivity and in the arrangement of its input circuits. 
Six vacuum tubes are used in the telephone circuit 
amplifier as in the case of the power circuit unit. In 
the former, however, added amplification is obtained 
by the utilization of the first tube as a voltage amplifier 
instead of as a blocking device as in the power circuit 
analyzer. 

A schematic diagram of the input circuit of the tele¬ 
phone circuit amplifier is shown in Fig. 10. As is 
indicated in this diagram the input circuit is provided 
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with three individual transformers by means of which 
the following circuit arrangements and sensitivities 
are obtained: 


Quantity 

measured 


Voltages. 

Voltages. 

Voltages. 

Voltages. 


Power voltages. 

Ourrents. 

Currents. 

Currents. 

Currents. 


Input 

Impedance 


6 olims 
600 ohms 
120,000 ohms 
1,000,000 ohms 
^600 cycles)* 
100,000 ohms 
600 ohms 
1,200 ohms 
1,800 ohms 
6 ohms 


Minimum measurable 
current or voltage 


0.005 millivolt 
0.05 millivolt 
0.5 millivolt 

5. millivolt 
0.05 volt 
0.05 microampere 
0.035 microampere 
0.03 microampere 
0.5 micr'bampere 


♦This circuit consists of 0.00025 ytt f. in series with ^he 120,000 nhinB of the 
transformer and measuring dial. Its impedance and sensitivity, therefore, 
vary with frequency. 

The minimum measurable currents and voltages at 
fundamental frequencies are ten times those tabulated 
above. 


currents. Its impedance is purposely low in order that 
it may not materially affect the impedance of a circuit 
in which it may be inserted. 

As is indicated in the above, circuits are provided 
which are practically equivalent to those of the power 
analyzer. In cases in which somewhat greater sus¬ 
ceptiveness to stray fields and somewhat larger gen¬ 
erated harmonics can be tolerated, the telephone unit 
may be conveniently substituted for the power amplifier. 

The input circuits of the telephone circuit amplifier 
have been found to operate satisfactorily over a range 
of currents and voltages from 1 to 2000 times those 
tabulated above. In no case have these circuits been 
found to depart from linearity by more than the speci- 
, fied limit of ± 3 per cent over this range. In fact, over 
practically the entire range the maximum error intro¬ 
duced by non-linearity is less than d= 1 per cent. 

The balance of the input circuits with respect to 
ground is an important feature in the case of the tele¬ 
phone circuit amplifier in view of the^large ratios be- 



Individual gain adjustments are provided in the 
input circuits so that simultaneous calibrations may be 
made of the 6-ohm, 600-ohm and 120,000-ohm circuits. 
In cases in which a number of different quantities are 
to be measured at a particular frequency this is an im¬ 
portant feature since it permits the use of all three 
circuits with a single calibration. 

The 6-ohm voltage circuit is intended for the mea¬ 
surement of voltages across small shunts. The 600- 
ohm voltage circuit inay be used for similar purposes 
or for measuring the voltage across a metallic telephone 
circuit. The 120,000-ohm and 1,000,000-ohm circuits 
are designed for measuring the open-circuit voltages 
between wires or between line wires and ground, the 
higher impedance circuit being intended primarily for 
use on short sections of line of high impedances. 

The 10,000-ohm circuit is intended for use on power 
voltages and is designed to operate at fundamental 
voltages up to 120. The sensitivity of this arrange¬ 
ment is the same as that of the voltage circuit of the 
power analyzer. 

The 600-, 1200-, and 1800-ohm circuits are designed 
for the measurement of metallic circuit noise currents. 
The impedances provided match, approximately, the 
impedances of common types of telephone circuits. 
The 6-ohm circuit is intended for measuring longitudinal 


tween voltage to ground and metallic circuit voltage 
which usually exist on telephone lines. Input trans¬ 
formers designed to meet rigid balance requirements 
and provided with interwinding shields are used in this 
instrument and special care is taken with the wiring 
associated with the input circuits to avoid unbalance 



Fig. 10—TBiiBPHONB Analyzbb—Input Circuit—Schbmatic 

to ground and stray capacities between the line circuits 
and the measuring dial. 

The degree of balance attained in the input circuits 
is indicated in the following table. The figures given 
represent apparent voltages across the circuit resulting 
from the effect of one volt between the line terminals 
and ground acting on the circuit imbalances. 
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Input circuit 

Frequency 

Apparent voltage 
across circuit 

Current (6-ohm}. 

3000 

0.0000015 

Current (e-ohm). 

540 

0.00000035 

Current {600-ohm). 

3000 

0.000012 

Current (600-ohm). 

540 

0.000002 

Voltage (120,000-ohm).... 

3000 

0.00029 

Voltage (120,000-ohm)_ 

540 

0.00002 

Voltage (0.00025 juf.). 

3000 

0.0046 

Voltage (0.00025‘jufO. 

540 

0.0042 

Power voltages. 

3000 

0.025 

Power voltages. 

540 

0.001 


As is indicated in the circuit diagram of Fig. 10, a 
high-pass filter consisting of a series condenser of 1.5 
IX f. and a shunt inductance of 0.5 henry is included in 
the input circuit. This filter is effective on systems 
having a fundamental frequency of 60 cycles or less, 
in suppressing the fundamental component of the 
complex wave under analysis. The condenser may he 
connected on either side of the inductance in order 
that the filter may be used effectively either in series 
with a high impedance or in shunt with a low impedance 
as may be required by the particular measuring circuit 
employed. This device results in an average reduction 
in the fundamental of 13 decibels which is equivalent to 
approximately 80 per cent. The generation of har¬ 
monics in the analyzer due to modulation effects is, 
therefore, practically confined to the input transformers. 
The magnitude of the fundamental component, as 
compared to the amplitudes of the harmonics, is usually 
considerably less in the case of telephone circuits than 
on power systems. A somewhat larger degree of 
harmonic generation can be tolerated, therefore, in 
the case of the telephone circuit analyzer. The gen¬ 
erated harmonics in one particular telephone circuit 
amplifier unit, expressed in per cent of the fundamental 
component are as follows: 


Circuit 

Fundamental 

component 

Per cent generated 
harmonic 

2nd 

3rd 

5th 

7th 

Current (600-ohm). 

0.001 ampere 

0.28 

0.27 

0.049 

0.006 

lurrent (G-ohm). 

0.01 ampere 

0.25 

0.25 

0.05 

0.009 

''oltage (120,000-ohm)_ 

10. volts 

0.25 

0.25 

0.05 

0.007 


While the telephone circuit amplifier is not ordinarily 
exposed to stray fields of large magnitudes, the instru¬ 
ment has been shielded at susceptible points in much 
the same manner as the power analyzer. Tests in the 
laboratory and in the field indicate that, except under 
unusually severe conditions, the shielding is sufficient to 
permit the use of the analyzer in the vicinity of power 
apparatus. 

Calibrating Oscillator 

As discussed above, a source of current or voltage of 
known frequency is required with the analyzers for 
calibration purposes. For use in cases in which one 
of the standard adjustable-frequency oscillators is not 
available a small portable vacuum tube oscillator has 
been developed. 


The calibrating oscillator employs two tubes, the 
first functioning as an oscillator and the second as an 
amplifier as indicated in the circuit diagram shown in 
Fig. 11. The circuit is arranged to produce frequencies 
of 180, 540, 1600, or 3000 cycles. These permit cali¬ 
bration of the analyzers in each of the three frequency 
ranges covered by the harmonic selector and also provide 
suitable frequencies for checking the frequency charac- 
tistics at both ends of each range. The oscillator 
is designed to give a minimum output of 10 milli- 
amperes in 150 ohms at each frequency. The wave¬ 
shape of the output at each frequency is such that the 
r. m. s. sum of all the harmonics is less than 5 per cent 
of the fundamental. 

The equipment making up the oscillator is assembled 
in a cabinet approximately 13 in. long, 12 in. wide, and 7 
in. deep, the complete unit weighing approximately 



Fig. 11—Calibhating Oscillatok—Circuit Diagram 

35 lb. One of the calibrating oscillators is included with 
the power circuit analyzer in the illustration shown in 
Fig. 3. 

The current supplied by the oscillator to the calibrat¬ 
ing network is controlled by a potentiometer located 
in the amplifier unit. The magnitude of this current 
is determined from the reading of a thermal milli- 
ammeter consisting of a thermocouple and the gal¬ 
vanometer provided with the amplifier unit. 
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8. Another Harmonic Analyzer, P. S. Dellenbaugh, Jr., 
A. I. B. E. Jl., Jan. 1923, pp. 68-61. 

9. “Harmonic Analyzer for Use on Power Circuits.” Serial 
Report of the Inductive Coordination Committee, National 
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Special attention is called to an extensive bibliography 
on this subject appended to Professor Dellenbaugh’s 
paper of 1921. 

Other references are included in a bibliography 
published by the American Committee on Inductive 
Coordination in 1925. 


Discussion 

J. J. Smith: The principal lines along which efforts have been 
made in the past to develop such analyzers are: (1) By mfta.Tta 
of tuned circuits, similar to the analyzer described in this paper, 
where the frequency which it is desired to measure is tuned and 
the others are reduced by attenuation. (2) By use of the dyna¬ 
mometer principle where a known current of the frequency which 
it is desired to measure is introduced in one coil of the dynamom¬ 
eter and the wave to be analyzed is in the other coil. The first 
suggestion in the literature that I have been able to find of an 
analyzer of the first type is in a paper by Pupin entitled Reso¬ 
nance Analysts of Alternating and Polyphase Currents, A. I. E. E. 
Trans., Vol. XI, 1894, p. 623. 

An analyzer of the second type was suggested in an early paper 
by Dr. L. Duncan and later developed into a practical form which 
is described in the paper in reference 1 of the bibliography. 

Although the fundamental principles were embodied in the 
above papers we had to await the development of the vacuum 
tube before the instruments could be developed to high sensitivity 
and high accuracy. 

In addition to the development of the vacuum tube the proper 
balance and shielding of such apparatus has to be carefully con¬ 
sidered, and the figures givenby the authors on p. 1172 show that 
this has been well taken care of. I have used one of these analyz¬ 
ers for the last few years and experienced no difficulty due to ex¬ 
traneous fields when the apparatus is set up in the vicinity of the 
usual type of machines tested in the factory. On one occasion, 
however, when making measurements on a large reactor, trouble 
was experienced due to pick-up in the instrument (which was set 
quite close to the reactor). This pick-up, however, was easily 
detected since it was independent of the multiplier and read¬ 
ings. The remedy, of couirse, was to remove the instrument to 
some distance from the reactor. 

The input circuit described in Fig. 8 of the paper, while 
allowing high accuracy for standard frequencies such as 26, 50, 
and 60 cycles, is not always very suitable for work in the factory 
where it may be desirable to make experiments over a range of 
intermediate frequencies. I would suggest that the authors give 
a table showing the probable error for the frequencies in between. 

Our experience in using this meter confirms the statement that 
the analyzer described gives results within * 5 per cent of the 
quantities measured, since we have made measurements on a 
machine and repeated them later under as nearly as possible the 
same set of conditions and the results agreed within the above 
order of accuracy. 

It may be interesting to point out that with the sensitivity 
obtained with this analyzer we have gone down to the region 
where harmonies generated in other parts of our measuring equip¬ 
ment may be a source of error. For instance, in measuring on a 
high-voltage line it is necessary to use potential or current trans¬ 
formers. On accoimt of the characteristics of the magnetization 
curve of iron the exciting currents of these transformers will con¬ 
tain harmonics which, although small, will affect the result if the 
wave which is being measured is very close to a sine wave. 


J. O. Coleman t The authors of the paper on electrical wave 
analyzers deserve considerable credit for the development of the 
apparatus. I have had occasion in the past five years, in connec¬ 
tion with the joint development and research of the N. B. L. A. 
and the Bell System, to use the analyzers for measurements imder 
many varied conditions. Needless to say, there have been times 
when we have had considerable trouble in making the required 
measurements, and part of the time the difficulty was with the 
analyzer. 

Mr. McCurdy mentioned the development since the first ana¬ 
lyzer was constructed. I also used the first one. With it a 
fraction of an ampere in a wire 15 or 20 ft. away, under some 
conditions, would cause full-scale readii^ on the meter with 
nothing connected to the input terminals. With the improved 
models we have made analyses, in a power substation, over the 
top of 15 to 20 outgoing feeders with no serious disturbance from 
them. This, I think, speaks quite highly for the development 
of the shielding. 

The analyzer in the paper appears to be quite a complicated 
piece of apparatus. One would think that with all the dials and 
the switches on it, considerable time would be required for mear- 
surements. In connection with some of our work, we have made 
upward of 2000 separate measurements a day. 

Another consideration in speaking of balance is that there are 
two ways of considering ground as far as the analyser is 
concerned. If you tie the analyzer shield to the earth, you have 
to face whatever potentials you are placing on the input coil. 
The other alternative is to tie the anal 3 rzer shield to whatever 
circuits you are measuring and thereby eliminate the large volt¬ 
age across the input coil. The analyzer has been used satisfac¬ 
torily, directly connected to a 2300-volt circuit with its batteries 
and operator completely isolated from the ground. 

There is a number of by-products of anything. In some of the 
work we had occasion to measure the impedance of equipment 
at the harmonic frequency with the lower frequencies present. 
Some equipment may have different impedance at 300 cycles; 
for instance, when 60 cycles are present from the impedance it 
has when the 60 cycles are not present. In cases of this character 
the analyzer can be used strictly as a galvanometer and measure¬ 
ments obtained which would be otherwise very difficult. 

L. J. Corbett: (communicated after adjournment) The 
authors have described the most recent type of mechanical ana¬ 
lyzers of periodic e. m. f. and current waves, by which the 
strength of the components of each frequency may be measured 
with considerable accuracy,—^while it remains constant. The 
modem developments in amplifiers are made use of in the measure¬ 
ment of very low values of some of the components. In dis¬ 
cussing the paper, the writer has no wish to detract from the 
praise which is justly due to the engineers of the telephone 
industry and of the power industry whose efforts have produced 
such an accurate, usable, and strong instrument. Instead he 
wishes to supplement the paper by adding a word of caution 
regarding its use. 

The waves which are most commonly analyzed by the use of 
such equipment are those which exist in power circuits, or which 
may be produced inductively in a second circuit not far removed 
from a power circuit. The waves in an ordinary power circuit 
are subject to fi.uctuations which primarily affect the voltage, 
and secondarily, the relative proportions of the various harmonics 
when electrical equipment containii^ iron magnetic circuits is 
involved. A third possibility is a slight change m fundamental 
frequency following load changes, which in turn alters to a far 
greater degree the frequencies of the higher harmonics. Again, 
resonance conditions in the power circuit may so favor certain 
frequencies that the slight change in fundamental frequency in 
itself changes the relative values of the various harmonics. Speed 
changes on a 60-oycle system may amount to 0.4 cycle hi gh or 
low, the return to normal being rather slow and gradual. On the 
higher harmonics this will amount to several cycles, and from the 
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curves of Pig. 5 of the paper, the accuracy is low and a re-setting 
is necessary. In the re-setting, it is evident that conditions are 
not the same as when the earlier readings were taken, so the read¬ 
ings of the various harmonics taken consecutively are only 
roughly comparable. Only by simultaneous readings of several 
mechanical analyzers can dependable readings of a number of 
harmonics be obtained. 

A mechanical analyzer teUs nothing of the relative phases of 
the different harmonics so it does not tell the whole story. Im¬ 
portant physical relations are thus slighted, which, if they were 
known, would give a clearer insight into electric wave phenomena. 



The substation at which the tests were made contained only 
Y-coimeoted transformers with neutrals grounded and without 
deltas. In Pig. 1 herewith the middle element shows the residual 
current in a line from the substation serving a station at which a 
large Y-Y bank with grounded neutral is connected without a 
delta. In Fig. 2 the same elemenbshows the residual current in a 
line to a station where the banks are connected grounded Y to 
delta. In Pig. 3 the line concerned was energized but dis¬ 
connected at the other end, a combination of leakage and charg¬ 
ing current being obtained. 

There can also be shown the reversal of direction of flow of such 
currents due to system changes, as illustrated in a paper presented 
by the writer before the Paciflc Coast Convention of the Institute 
at Spokane last year.^ Because of these physical relations which 
are ignored by the analyzer, it appears that the use of such an 
instrument as the oscillograph in conjunction with it, would as¬ 
sist materially in many problems. 

P. W. Blye: As pointed out by Mr. Smith in his discussion, 
the input circuits of the power analyzers are provided with fixed 
values of resistance (Bi, Pig. 6 of paper) and capacity (Co) to 
reduce generated harmonics to a particularly low level when the 
fundamental frequency is 25,50, and 60 cycles. These three fr^ 
quencies were selected as those most likely to be encountered in 
practise. There is no reason, however, why additional values of 
the resistance Ri and the capacity Co might not be provided for 
use with other fundamental frequencies, if desirable. 


Fia. 1— Residuaij Cxirrent on Line Servino Y/Y Bane 

It appears to the writer that more use can be made of the os¬ 
cillograph, possibly in conjunction with the mechanical analyzer. 
The oscillograph in its present stage of development, is 
admittedly a rather coarse-reading instrument. However, it 
does show the relative phases of the lower harmonics quite ob¬ 
viously, and the relative phases of the higher harmonies by some¬ 
what tedious methods of measurement and calculation. 

The determination of residual current and voltages in three- 
phase power systems is the aim of many investigations in which 
analyzers of the type described in the paper are used. To illus¬ 
trate some of the physical relations existing which can be shown 
by the oscillograph, the accompanying oscillograms are presented. 
At the substation at which the tests were made there were two 



2 —Residxjal Current on Line Serving Y/A Bank 

busses, on one of which all lines and transformer banks were first 
connected. One transmission line at a time was then served by 
the second bus through the bus paralleling switch. The residual 
current for each line was obtained from the current transformers 
of the paralleling switch and was recorded on the middle element 
of the oscillograph. Above is a 60-cycle timing wave from the 
station lighting circuit, and below is a constant 180-oycle ref¬ 
erence wave obtained between the neutral of a Y-connected set 
of coils on the 110-volt side of the potential transformers of the 
first bus, and ground. 



3—Residual Current on Idle Line (Leakage and 
Charging Current Only) 

As requested by Mr. Smith, the following table indicates the 
magnitudes of generated harmonics observed in the case of one 
particular instrument when fundamental voltages were applied 
to its input circuit having frequencies different from those for 
which the input circuit was adjusted. A fundamental frequency 
of 1 volt was applied to the millivolt terminals in all cases, this 
being equivalent to 100 volts applied to the voltage terminals. 


Input 

circuit 

adjusted 

for 

Applied 

frequency 

Generated harmonics 
per cent of fundamental 

3rd 

5th 

7th 

60 cycles 

55 

0.40 

0.11 

0.06 

60 

45 

0.25 

0.085 

0.05 

26 

40 

0.60 

0.35 

0.07 

25 " 

35 

♦ 

0.33 

0.07 

25 “ 

30 


0.22 

0.06 


♦Analyzer not arranged to be tuned at 90 and 105 cycles. 


The following table gives additional data as to the magnitudes 
of generated third harmonics in a single instrument whose input 
circuit was adjusted for 60 cycles. In this latter case, the applied 
frequency was varied in small steps either side of 60 cycles. 

i. Residual Voltages and Currents in Power Systems, A. I, B. B. Quar¬ 
terly Tbans., Vol. 48, January 1929, p. 92. 
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Applied frequency 

Per cent generated 
third harmonic 

58 

0.185 

58.5 

0.13 

59 

0.085 

59.5 

0.052 

60 

0.04 

60.5 

0.05 

61 

0.077 

61.5 

0.12 

62 

0.165 


Mr. Corbett in his discussion points out the fact that the ac¬ 
curacy of readings taken with analyzers of this type on operating 
power, systems may be seriously impaired due to system fre¬ 
quency variations. Experience with these instruments on a large 
number of operating systems, both large and small, indicates that 
relatively rapid variations in the magnitudes of various harmonics 
under operating conditions are of considerably greater importance 
than the slower changes due to the frequency variations described 
by Mr. Corbett. It is possible with an indicating instrument of 
this type, however, to follow such variations closely and to obtain 
readings representing average conditions over as long a period of 
time as may be desirable. During the past few years a large 
amount of data has been obtained with these analyzers on var¬ 
ious types of power systems and, in general, the data have been 
constant and their accuracy has been satisfactory. The figure 
of *<=0.4 cycle quoted as representative of frequency variations 
on operating systems is probably intended as an outside figure 


and is consistent with the authors’ experience. However, from 
observations of frequency recorders on a number of the larger 
systems it would appear that on such systems frequency varia¬ 
tions, on an average, do not amount to more than from *0.1 to 
=**0.2 cycle. 

As further poiuted out by Mr. Corbett, the analyzers described 
in this paper do not measure phase angles. In general, however, 
in inductive-coordination studies, for which these analyzers 
were primarily developed, a knowledge of the phase relations 
between the various harmonies is of secondary importance. 
Where such information is desired, it is often possible to obtain 
satisfactory data at the lower frequencies by means of the oscillo¬ 
graph, as discussed by Mr. Corbett. The oscillograms which he 
presents demonstrate quite clearly the magnitudes and relative 
phase angles of several third-harmonic residual currents. How¬ 
ever, as he points out the magnitudes and phase angles of the 
higher harmonic components present can be obtained only by a 
laborious process of measurement and calculation. Furthermore, 
if the magnitudes are small the precision obtained is low. It was 
to obtain information as to the magnitudes of such relatively 
small but important higher harmonics, as well as the larger lower- 
frequency components, that the analyzers described in this paper 
were developed. As mentioned by Mr. Coleman in his discussion, 
by means of these analyzers as many as 2000 separate measure¬ 
ments of harmonic currents and voltages have often been made 
in a single day. From the standpoint of time required, the use of 
an oscillograph in such work would obviously be out of 
the question. 



A New Automatic Synchronizer 

BY F. H. GtJLLIKSEN* 

Associate A. I. B. B. 


Synopsis. —The fundamentals of automatic synchronizing are 
discussed, and the requirements which must he met by the ideal 
synchronizer are ouMned. The design and the principle of opera¬ 
tion of two different models of a newly developed automatic synchro¬ 
nizer are described. 

The paper treats the method by which, for any frequency difference 
vyithin limits of present operating practise, either model of the syn¬ 
chronizer will cause the dosing coil of the circuit breaker to be ener¬ 
gized in advance of synchronism, by a time equal to that required 
to close the circuit breaker. The dosing coil of the circuit breaker is, 
therefore, energized when the phase displacement between the voltages 


of the two systems to be synchronized is such that, assuming the 
frequency difference between the two systems remains constant during 
the short time required to dose the breaker, the breaker contacts will 
always be closed at the instant of zero voltage phase displacement. 

The reasons for the excellent performance of these automatic 
synchronizers even when applied to connect systems with very 
erratic frequencies are outlined. ■ 

A series of tests is referred to, showing the superiority of automatic 
synchronizing in comparison with manual synchronizing, and the 
results obtained with the new synchronizer models in a generating 
station with propeller type waterwheels are described. 


Fundamentals op Synchronizing 

The synchronizing of a-c. generators is one of the 
most exacting duties required of an operator in a manu¬ 
ally operated generating station. When the operator 
is bringing a new unit on the line he has many duties, 
and his time is crowded. He must match the voltage 
of the machine with the line voltage, he must regulate 
the speed of the prime mover by hand until the fre¬ 
quency difference between the two sources to be paral¬ 
leled is within the permissible synchronizing range, and 
at the same time the operator must closely watch the 
synchrohoscope, indicating the phase'displacement and 
frequency difference between the two sides of the 
breaker to be paralleled, and choose the proper moment 
to throw the control switch, closing the breaker, so that 
the relatively slow closing breaker will actually dose its 
contacts at the point of zero phase displacement between 
the two system potentials. 

Due to variations in the speed of the generator and 
dnce the frequency of most systems shows variations, the 
synchronoscope will often not rotate at uniform speed, 
and this makes the task of the synchronizing operator 
still more difficult to handle. The operator himself 
knows that a false move by a fraction of a second may 
wreck a machine worth hundreds of thousands of dol¬ 
lars, or at least may cause disturbances on the system 
so severe that important synchronous load connected 
to it may fall out of step. For this reason the influ¬ 
ence of the human uncertainty element is more pro¬ 
nounced in non-automatic synchronizing than in other 
generating station operations where the result of a 
faulty move will not be as disastrous. 

It has long been the trend within the field of electrical, 
operations to try to eliminate the human element and 
substitute for it a mechanical device which is not af¬ 
fected by nerves and human emotions, and which always 
can be relied on to operate at the topmost rate of 
effidency and performance. This is even more the 


case when the mechanical device will do a better job 
than a skilled operator, and do it cheaper. 

Automatic synchronizing stations have been in use 
for several years. Two different synchronizing 
methods have been applied, either the self synchronizing 
method or the automatic synchronizing method. 
In the self synchronizing method the machine is con¬ 
nected to the system without any field when the fre¬ 
quency of the machine is about 80 per cent of the sys¬ 
tem frequency. The field is then gradually applied and 
in this manner the incoming machine is pulled into step. 
In the automatic synchronizing method the synchroniz¬ 
ing is done in the same manner as when manual syn¬ 
chronizing is being used. The automatic synchronizer 
takes the place of the operator and closes the breaker, 
while the frequency of the incoming machine is matched 
with the frequency of line by means of separate speed 
matching equipment. 

The self-synchronizing method has been most com¬ 
monly applied, especially in applications with erratic 
frequencies, because the characteristics of the automatic 
synchronizers previously available were such that it 
would require too long to synchronize the machine with 
the line if the frequencies of the two systems were not 
very stable. However, self synchronizing can usually 
not be applied when: 

1. The capacity of the generator to be connected 
exceeds to 3^ of the capacity of the system. 

2. Where important synchronous load connected to 
the station bus requires that the machine be connected 
to the system as smoothly as possible. 

3. Where the generator to be connected is not 
equipped with damper windings. 

Due to the increased use of the propeller ts^pe water¬ 
wheels and due to the general interest in automatic 
stations, a need was felt for a new automatic synchro¬ 
nizer that would synchronize even very erratic ma¬ 
chines with the same accuracy and within a shorter 
time than a skilled operator at his best was able to do. 

It may be advisable at this point to mention the 


1. Westinghouse Eleo. & Mfg. Co., East Pittsbiirgh, Pa. 
Presented at the Summer Convention of the A. I. E. E. Swamp- 
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various factors which are important in any synchroniz¬ 
ing application. 

When two synchronous generators are to be con¬ 
nected in parallel, the equalizing current between them 
in the paralleling moment will be zero if, when the 
breaker contacts engage: 

1. The voltages are equal. 

2. The phase displacement between the voltages is 
zero, and 

3. The frequency difference is zero between the two 
systems to be connected. 

The voltage equality will have to be taken care of by 
voltage regulating equipment outside the automatic 
synchronizer, and will not be discussed in this paper; 
but the effect of a voltage inequality on the perform¬ 
ance of the automatic synchronizer will be mentioned 
later in this paper. 

Zero-Phase Displacement, The equalizing current 
between the two sources in the paralleling moment will 
be proportional to the sine of the angle of phase dis¬ 
placement between the voltages of the two systems to be 
connected, and for smaller angles therefore, (below 45 
deg.) the angle at which the breaker contacts engage will 
give an approximate check on the amount of equaliz¬ 
ing current, and consequently the closing angle can be 
used as a measure of the performance of the 
synchronizer. 

Zero-Frequency Difference. The third requirement 
mentioned above, the zero-frequency difference, is of a 
merely theoretical interest, because in the majority of 
practical applications zero-frequency difference cannot 
be obtained, at least not within a reasonable time. 
Consider a case where a generator is to be.synchronized 
with a system. By means of speed matching equipment 
acting upon the governor of the prime mover the genera¬ 
tor is brought up very dose to synchronous speed. 
With an absolutely constant system frequency and with 
ideal speed matching equipment it would be possible to 
obtain zero-frequency difference and the ideal syn¬ 
chronizing conditions would then obtain when the 
phase displacement between the two voltages was zero. 
In practise, however, the sensitivity of the speed 
matching equipment is not absolute, and furthermore, 
even with large systems momentary frequency varia¬ 
tions may occur due to load variations. For this reason 
the frequency difference in synchronizing applications 
will usually be fluctuating, often within a very wide 
range not seldom within ± 1 cyde, and in most appli¬ 
cations zero frequency difference will merely obtain in a 
short instant when the speed of the generator is chang¬ 
ing from leading to lagging or vice versa, and conse¬ 
quently an automatic synchronizer designed to close 
the breaker only when the frequency difference is zero, 
would not have much chance to complete the syn¬ 
chronizing operation. 

Fortunately, however, in actual operating practise 
exact zero-frequency ifference is not necessary. 
Smaller generators can be safely connected to the line 


even with frequency differences as high as cycle per 
second, while larger units will require a lower frequency 
difference. It must, however, be required that the 
breaker contacts be closed at the point of zero voltage 
phase displacement. The underl 5 dng idea of the de¬ 
sign of an automatic s 3 nichronizer is therefore to pro¬ 
vide an apparatus that will close the breaker connecting 
two sources to be synchronized if the frequency differ¬ 
ence between the two sources is below a predetermined 
value to be chosen for each particular application, and 
close the breaker at such a moment that, independent of 
the instantaneous frequency difference, the breaker 
contacts will always engage at the moment of zero phase 
displacement between the voltages, or at synchronism. 

The factor that complicates the design of an ideal 
automatic synchronizer is the time element of the 
circuit breaker. There is always a certain time re¬ 
quired from the energizing of the closing coil of a cir¬ 
cuit breaker until the breaker contacts close. This 
time is practically constant for a definite breaker, but 
varies for different types and sizes of breakers from 0.2 
sec. to 0.6 sec. Suppose that a breaker having a time 
element of 0.5 sec. is being applied to connect two sys¬ 
tems, and that a frequency difference of 1/6 cycle cor¬ 
responding to one revolution of the synchronoscope in 
6 sec. is present. To obtain breaker closure at zero 
phase displacement with this breaker, at lockout fre¬ 
quency difference 1/6 cycle the synchronizer must ener¬ 
gize the breaker dosing relay at a point 30 deg. in 
advance of zero-phase displacement. 

Suppose now a machine with comparatively small 
inertia and excellent governor equipment is to be S 3 ni- 
chronized, and that the frequency difference during one 
revolution of the synchronoscope change from 1/5 cyde 
to 1/40 cycle. One-fifth cycle is above the lockout 
frequency difference and the synchronizer would there¬ 
fore not dose at this frequency difference, but would 
close on the next beat at a 1 /40-cycle frequency difference, 
and the result would be that the breaker contacts would 
close 25.5 degrees ahead of synchronism, and since at 
this point the voltage difference between the two sources 
to be connected is 43 per cent of the line voltage, con¬ 
siderable equalizing currents will result. To obtain 
correct dosure at 1/40-cyde frequency difference, and 
assuming that the frequency difference remains con¬ 
stant during the short time of breaker closure, the syn¬ 
chronizer must energize the breaker closing relay at a 
point 4.5 degrees ahead of synchronism. 

From the above considerations, the following require¬ 
ments to be met by a successful automatic synchronizer 
can be summed up. 

1. The sjmchronizer must operate only within a 
predetermined frequency difference. A single adjust¬ 
ment must be provided to vary the synchronizing range 
covered by the apparatus. 

2. The s 3 mchronizer must energize the breaker clos¬ 
ing relay in advance of zero phase displacement. The 
amount of advance must be proportional to the in- 
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stantaneous frequency difference. By one single ad¬ 
justment it must be possible to vary the rate of change 
of advance to adjust the synchronizer for breakers with 
different closing time. 

The Design op the New Automatic Synchronizer 

In Fig. 1 is shown a front view of the new automatic 
synchronizer with the front glass cover removed. Two 
different models of this apparatus are available. The 
design and appearance of the two models are quite alike, 
but the principle of operation is different, one model be¬ 
ing designed especially for applications with very erratic 
frequencies. 

A schematic outline of the apparatus is shown in 
Pig. 2, and the following description of the two models 



Pig. 1 —Front View oe the Automatic Synchronizer with 
Cover Glass Removed 


voltage across the coil will be zero when the phase 
displacement is zero, and will be maamum (220 volts) 
when the phase displacement is 180 deg. For small 
phase displacements (up to 50 deg.) the voltage dif¬ 
ference or beat voltage across the coils will be ap- 



PiG. 2 —Schematic Outline op Automatic Synchronizer 

proximately proportional to the phase angle provided 
the voltage waves of the two systems are sine waves, 
and therefore, assuming that for any impressed voltage 
across the two coils the ratio between the two impe¬ 
dances is constant, the voltage across coil 11 will be 
proportional to the angle of phase displacement as 
shown in Fig. 3. 

The pull on core 10 increases when the core travels 
downward into the coil. To obtain a travel of lower 


refers to this figure. The models will be referred to as 
type XY-11 and t 3 rpe XY-12, the latter being the 
model designed for erratic frequency applications. 

The synchronizer consists essentially of two in¬ 
dependent coil-core lever systems and four d-c. relays 
of the telephone type. Referring to Fig. 2 the one 
lever system is made up of dashpot 12, coil 11, core 10, 
lever 22, fulcrum 6, springs 19, 20, 21, and lower con¬ 
tact B. When coil 11 is deenergized, the lever system 
is balanced by means of a counterweight and spring 
20 so that lower contact B barely touches upper contact 
By when upper contact B is in its highest position. 
Core 10 is assembled so that when coil 11 is energized 
the core will be pulled downwards. The downward 
travel of core 10 is limited by means of a stop post 5 
to prevent the springs 19, 20, 21 from being over¬ 
extended. 

Coil 11 is connected in series with coil 14 across the 
dark lamp beat voltage between the two systems, as 
can be seen in Figs. 8 and 10, and consequently the 


Fig. 



3—^Variation op Voltage Across Coil It and op 
Travel op Lower Contact B 


contact B which is porportional to the angle of phase 
displacement, springs 19 and 21 are applied to come into 
action in sequence as indicated on travel curve for 
contact B in Fig. 3. At 50 deg. phase displacemnt lever 
22 reaches stop post 5, and for phase displacements 
exceeding 50 deg. lever 22 will be resting on post 5; 
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for phase displacement within 60 degrees contacts B 
will move in proportion to the change in phase dis¬ 
placement. 

Dashpot 12 is applied to dampen the mechanical 
vibrations on the lever system resulting from a high 
frequency difference. The damping of the dashpot is 
small, however, and for frequency differences of an 
order of 1 to 1^ cycles the lever system will be nearly 
undamped. In order to obtain the proper performance 
of the synchronizer it is important that the lever system 
be absolutely undamped for any frequency difference 



Fig. 4—Relationship between Phase-Angle Displacement 
Voltage Across Coil 14 and Travel op Core 15 


within the applicable synchronizing range. How this 
feature is obtained through the interaction between 
the series connected coils 11 and 14 will be explained 
later in this paper. 

Lever system No. 1 (described above) which is lightly 
damped, provides essentially the means for checking the 
instantaneous phase displacement between the voltages 
of the two systems to be connected, while tl^e more 
heavily damped lever system No. 2 provides the means 
for obtaining the advance closure of the breaker pro¬ 
portional to the instantaneous frequency difference, 
and provides the means to prevent synchronizing if the 
frequency difference is above the permissible syn¬ 
chronizing range. 

Lever system No. 2 consists of two lever assemblies, 
connected by means of the air dashpot 4. Lever 3 
supported by fulcrum 23 is balanced by means of spring 
1 and counterweight 24 to barely touch stop post 2. 
Upper contacts A and B are mounted on lever 3. 
Lever 17 is supported by fulcrum 18, and balanced by 
means of springs 7 and 8 against the pull exerted by 
coil 14 on core 15. 

When the phase displacement between the voltages 
of the two systems is 180 deg., core 15 is attracted by 
coil 14 and in its lowest position. If the phase dis¬ 
placement is decreased, the pull on the core will de¬ 
crease, and finally at 130 deg. phase displacement the 
pull on core 15 is equal to the combined pull of the 
springs 7 and 8. If the phase displacement is further 
decreased, core 15 will start to travel upwards. The 


springs 7 and 8 are so designed that the travel of core 
15 will be proportional to the angle of phase displace¬ 
ment as shown in Fig. 4. 

Upper contacts E and D are spring mounted, and for 
this reason contacts E and D will not open until the 
voltage phase displacement is reduced to 100 deg., 
and because lever contacts C and F are spring mounted 
the contacts C and F will close when the phase displace¬ 
ment is approximately 30 degrees and will remain closed 
while the core 15 is completing its travel, reaching its 
highest position at zero-degree phase displacement. 

It will be understood that core 15 will tend to assume 
a position in relation to coil 14, which will primarily 
be dependent upon the instantaneous phase displace¬ 
ment between the voltages of the two systems to be 
connected; but the position of core 15 will also be de¬ 
pendent upon the rate of change of phase displacement, 
or in other words dependent upon the instantaneous 
frequency difference between the two systems. 

The reason for this latter feature is the heavy damp¬ 
ing provided by dashpots 4 and 13. Due to this 
damping the position of core 16 and consequently also 
lever 17 will be lagging if a frequency difference is 
present, in relation to the position lever 17 would 
assume if the frequency difference were zero. The 
amount of lag when the phase displacement is de¬ 
creased from 130 deg. towards zero will be proportional 
to the frequency difference and the effect of this is to 
reduce the amplitude of travel of core 15 and its con- 



Fig. 5—Closing Characteristic for Contacts C for Two 
Different Adjustments of the Contacts 


nected lever 17, by an amount which for low values of 
frequency difference will be proportional to the fre¬ 
quency difference. Consequently the closing char¬ 
acteristic for contacts G will be a straight line as shown 
in Fig. 5. When the frequency difference is zero con¬ 
tacts C may close at Y degrees phase displacement. 
For frequency differences above F cycles the contacts C 
will not close during one rotation of the phase-displace¬ 
ment vector. The point Y can be moved upwards or 
downwards by changing the setting of contacts C. If 
upper contact C is adjusted downwards in relation to 
lever 17 the point Y in Fig. 5 will move upwards and a 





1182 


GULLIKSB]^: A NEW AUTOMATIC SYNCHRONIZER 


Transactions A. I. E. E. 


new curve Ci will obtain. The adjustment of contacts 
C will not change the slope of the closing characteristic; 
the slope being entirely dependent upon the damping in 
dashpots 4 and 13, increased damping will increase the 
slope, or in other words move point F towards zero 
while point Y is kept in place. 

Contacts F will have a closing characteristic similar 
to contacts C; while contacts E and D will dose at 100 
deg. phase displacement when the frequency difference 
is zero. For increasing frequency difference contacts 
E and D will close nearer to the point of phase opposi- 



Fia. 6—^TRAVBii OB' Upper Contacts A and B 

tion (180-deg. phase displacement) and for a certain 
definite frequency difference the contacts will not dose 
at all during one phase rotation. The dosing char¬ 
acteristic of contacts E and D will not be a straight line. 
The shape of the cuiwe is immaterial in respect to the 
performance of the synchronizer. 

When the phase displacement between the two 
system voltages is decreasing, core 15 as previously 
mentioned will travel upwards with a vdocity propor¬ 
tional to the instantaneous frequency difference, as 
long as the frequency difference is comparatively low, 
i. e., of an order of three cycles or less. Since the plunger 
of dashpot 4 is connected to lever 17 the velocity of the 
downward movement of the plunger will be proportional 
to the instantaneous frequency difference. When 
plunger 4 is being moved downwards, the dashpot 4 
will exert a certain downward pull on the left hand side 
of lever 3, and consequently lever 3 will rotate counter 
clockwise until the pull of dashpot 4 is balanced by the 
increasing tension on spring 1. The pull of dashpot 
4 oh lever 3 is proportional to the velocity of travel of 
plunger 4. The extension of spring 1 is proportional 
to the tension of the spring, and for this reason the 
angular movement of lever 3 is proportional to the 
pull of dashpot 4, furthermore, proportional to the 
velocity of travel of plunger 4 and consequently pro¬ 
portional to the instantaneous frequency difference 
between the two systems to be paralleled. 

Upper contacts A and B are mounted on lever 3, and 
referring to above considerations it will be obvious 
that contacts A and B, when the phase displacement is 
decreasing from 130 deg. towards zero will assume a 


position in space, in relation to their highest position, 
which will be proportional to the instantaneous fre¬ 
quency difference, or in other words, the position of 
contacts A and B will be the lower the higher the fre¬ 
quency difference is, as will appear from Fig. 6. 

The impedances of coils 11 and 14 are equal for any 
phase displacement angle below 50 deg. if the frequency 
difference is zero. The impedance of coils 11 and 14 
will decrease when the cores travel upwards out of the 
coils. Since core 15 is heavily damped, the core will 
be lagging considerably in relation to the momentary 
voltage phase displacement when the phase displace¬ 
ment is decreasing. The amount of lag of core 15 is 
proportional to the instantaneous frequency difference; 
for this reason the ratio between the instantaneous 
voltage drops across coil 14 and coil 11 will increase 
with increasing frequency difference, and since the 
total voltage drop across the two series-connected coils 
is dependent upon the phase displacement, the voltage 
drop across coil 11 will decrease with increasing fre¬ 
quency difference, so that core 10 will tend to assume a 
slightly advanced position, and in this manner, the 
small amount of damping in dashpot 12 is compensated 
for. 

In Fig. 7 are shown two various closing characteristics 
for contacts B, When the frequency difference is zero, 
contacts B will close at the point of zero phase dis¬ 
placement. For any definite frequency difference the 
contacts will close at a point in advance of synchronism. 



Fig. 7—Closing Chabaotbbistics b'or Contacts B for 
Various Adjustments op Dashpot 4 and Lower Contact A 

the amount of advance being proportional to the in¬ 
stantaneous frequency difference. 

By adjusting the amount of damping in dashpot 4, 
the slope of the curves in Fig. 7 varies, and the synchro¬ 
nizer can thus be adjusted to energize the closing relay 
of any circuit breaker connecting two systems to be 
synchronized at such a point in advance of synchronism, 
that allowing for the time element of the breaker the 
breaker contacts will dose at the point of zero phase 
displacement, assuming that the closing time of the 
breaker is practically constant and fmther nRsnimiTig 
that the frequency difference does not change during the 
short time required to dose the circuit breaker. 

This method of obtaining breaker closure at the point 
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of zero phase displacement for any frequency difference 
within the permissible synchronizing range is applied in 
both models of the automatic synchronizers. The 
method in which breaker closure is prevented if the fre¬ 
quency difference exceeds the selected lockout frequency 
difference, however, is different for the type XY-11 
synchronizer than for the type XY-12 s3mchronizer. 

Method of Lockout The XY-11 synchronizer is ar¬ 
ranged so that the breaker will be closed if the fre¬ 
quency difference during the last 90 deg. of its phase 
angle does not exceed the selected lockout frequency dif¬ 
ference, while the XY-12 synchronizer will connect the 
breaker and synchronize the two systems if the fre¬ 
quency difference at a point 35 deg. ahead of synchro¬ 
nism is lower than the selected lockout frequency differ¬ 
ence. Thus it may be seen that the XY-12 synchro¬ 
nizer is especially well adapted for application with very 
erratic frequencies. 

In Fig. 6 was shown the travel frequency characteris¬ 
tic of upper contact A, and it was pointed out that 
upper contact A when the angle of phase displacement 
between the two system voltages was decreasing from 
130 deg. towards zero would assume a position in rela¬ 
tion to its highest position which would be proportional 
to the instantaneous frequency difference. Lower con¬ 
tact A is a stationary contact moimted on the base of the 
synchronizer. For a definite setting of lower contact 
A there will always be a definite frequency difference 
above which contacts A will engage during one rotation 
of the phase displacement vector. This feature is used 
in the lockout scheme for the XY-11 S 3 nnchronizer as 
shown in the diagram of connections of the automatic 
s 3 nichronizer type XY-11 (Fig. 8), which is arranged so 
that whenever contacts A have been engaged it is neces¬ 
sary for the phase angle to exceed 100 deg. once before 
the synchronizer will again be able to dose the parallel¬ 
ing breaker. 

A clear conception of the function of the lockout con¬ 
tacts A may be obtained by going through the operating 
sequence for the various relays of the automatic syn¬ 
chronizer type XY-11 for frequency differences above 
and below the selected lockout frequency difference. 

Assuming that the proper connections to the two 
systems have been made, and that the master relay 
connecting the synchronizer to the control circuits close 
when a frequency difference of 5 cydes exists between 
the two systems, none of the relays, Ti, Tz, Tz will 
be energized because lever 17 due to the damping effect 
of dashpots 4 and 13 will never come into a position to 
close contacts D. When the frequency difference is 
reduced to approximately 3 cydes, contacts D will 
engage, closing relay Ti which will seal itself in. 
Nothing further happens until the frequency difference 
is reduced to cycle. At this frequency difference 
contacts C engage at approximately zero phase dis¬ 
placement and relay Tz is closed and sealed in. At a 
point 260 deg. ahead of synchronism, contacts E will 
dose and relay Tz will be energized and sealed in. 


Supposing now the frequency difference is lowered to 
1/7 cycle and that contact A has been adjusted just not 
to dose at this frequency difference, then the breaker 
closing relay will be energized at the proper phase ad¬ 
vance when contacts B engage, and the breaker main 
contacts will engage at the point of zero phase displace¬ 
ment. If, however, the frequency difference should 
happen to increase above the safe s 5 ntichromzing limit, 



Dweci QweiitJocrtnl Sowcb 


fonPf 


Mitt, 
tk 


fonjH- 


-lA. 


Ti 




—fM=Ip 


. ' T 


cv| cSI n 
Tr 




LT 

9 ; 






P— 


Gbcul Breaker 
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FOB Automatic Stnchbonizeb Type XY-11 


in this case supposed to be 1/7 cycle, then contacts A 
will engage before contacts B close, relays Tz and Tz 
will be shunted by contacts A and opened, and in this 
manner synchronizing is positively prevented. 

The lockout feature of the XY-12 sjmchronizer is 
based on the change in closing sequence of contacts B 
and C when the frequency difference passes through the 
lockout frequency difference for which the synchronizef 
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has been adjusted. In Fig. 9 is plotted the closing 
characteristic for contacts B and C in the same scale. 
Considering curves B and Ci it may be seen that for 
frequency differences exceeding Fi cycles, contacts B 
will close ahead of contacts C; while contacts C will 
close ahead of contacts B for frequency difference lower 
than Fi cycles. The slope of curve B, as previously 
mentioned, is adjusted to suit the time element of the 
circuit breaker, and the adjustment is made by changing 
the amount of damping in dashpot 4. When dashpot 4 
has been adjusted the slope of curve C is given, but the 
location of the curve is dependent upon the adjustment 
of contacts C. By adjusting upper contacts C down¬ 
wards in relation to lever 17, a curve C 2 may be ob¬ 
tained, and consequently the synchronizer will be able 
to connect the breaker at a higher frequency difference, 
for example F 2 cycles. 

The schematic diagram of connections for the type 
XY-12 S 3 mchronizer is shown in Fig. 10. For frequency 
differences below 3 cycles contacts D will close at some 
point 100 to 180 degrees out of phase, and energize 



Fia. 9—Closing Relationship Contacts B and C 

relay Ti, which seals itself in through the back contacts 
of relay T 2 . As long as the frequency difference is 
above the selected lockout frequency difference, con¬ 
tacts B will close before contacts C close, and relay T 2 
will be closed, thus opening relay Ti. Contacts E 
which close simultaneously with contacts D are con¬ 
nected to shunt the relay T 2 to be sure that relay T 2 
will open once during each phase rotation. If the in¬ 
stantaneous frequency difference at a point 35 deg. 
ahead of synchronism is lower than the selected lockout 
frequency difference relays T 2 and T 3 will be closed, 
provided relay Ti has already been closed, and hence 
the breaker closing relay will be energized and the 
breaker'will be closed. The operating sequence under 
these conditions is: Contacts D close approximately 
260 deg. ahead of synchronism, and close relay Ti 
which seals itself in across the back contacts of relay T 2 . 

At a point within 60 deg. phase displacement, de¬ 
pendent upon the frequency difference contacts C close 
and operate relay Ts which seals itself in while one 
pair of the contacts of Tz parallels the T 2 back con¬ 


tacts in series with relay Ti. When the phase dis¬ 
placement is further reduced, contacts B close at the 
proper phase advance proportional to the instantane¬ 
ous frequency difference, and energize relay T 2 which 
completes the closing circuit of the breaker closing 
relay so that the breaker will close and synchronize 
the two systems. 

It will appear from above description of the two 



. Closing 
CM 



Fig. 10—^Diagram ov Connections and Schematic Diagram 
FOR Automatic Synchronizer Type Xy-12 


synchronizer models that to make the synchronizer 
operate it must be required that the voltage phase 
vector make revolutions before the ssmchronizer 
will be able to synchronize the two systems. For this 
reason the s 3 mchronizers as described above will not 
be able to synchronize if the breaker to be closed is not 
the first tie between two systems, since in this case the 
frequency difference will be zero, and no phase rotation 
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will obtain. This condition is taken care of by supply¬ 
ing an external relay to be energized by contacts T 4 . 
This relay operates on a-c. voltage and will when 
energized close its contacts after a predetermined time 
delay. The relay contacts will open when the relay is 
deenergized. 

Contacts F are adjusted to close within d= 15 degrees 
phase angle displacement, and from Figs. 8 and 10 it 
may be seen that by means of the contacts of the relay 
marked C V. the synchronizer will operate if the fre¬ 
quency difference is zero for example, when the syn¬ 
chronizer is used in a line to line synchronizing applica¬ 
tion. It should be noted that if a frequency difference 
exists contacts F will not remain closed long enough to 
close relay C V., and operation of the s 3 nichronizer 
will therefore be as previously described. 

The performance of an automatic synchronizer if the 
voltages of the two systems to be paralleled are not 
equal is of interest, since a voltage inequality can be 
experienced in various types of installations. 

As long as a frequency difference exceeding 1/10 cycle 
per second exists between the two systems the closing 



Fig. 11 —The Variation of the Voltage Across the 
Synchronizer A-C. Coils 

When a voltage Inequality Is present between the two systems while the 
phase displacement between the voltages is 35 degrees 

error is negligible, due to the fact that the position of 
lower contact B at 35 deg. phase angle displacement will 
be approximately the same whether the voltages of the 
two systems are equal or inequal. This is due to the 
fact that the voltage impressed across the coils will 
vary inconsiderably when the phase angle displacement 
is 35 deg., as can be seen from Fig. 11. In this figure 
are shown the two system voltages Ei and at 35 
deg. displacement, and also the vectorial voltage dif¬ 
ference A E for various values of E^ while Ei is kept 
constant. 

For a definite voltage inequality there is a mini Tnnm 
frequency difference below which the synchronizer will 
not operate. This condition is taken care of in applica¬ 
tion of line to line synchronizing by permanently ad¬ 
vancing upper contact A, so that contacts A will 
barely engage at zero phase angle displacement when the 
maximum voltage inequality between the two systems 
obtain. With this adjustment the synchronizer will 
perform perfectly at the maximum voltage inequality 
and close the breaker at zero phase displacement; 


but will close the breaker too early when equal voltages 
obtain on the two systems. The amount of degrees 
early closure will be equal to deg. per percent volt¬ 
age inequality, and will therefore be negligible in most 
• applications. 

Application 

The automatic synchronizer models described above 
are designed to operate on potential transformers with 
110 volts secondary voltage. The average load on each 
potential transformer is 40 volt-amperes. Taps have 
been supplied on the resistors in the control circuit of 
the apparatus so that connections can be made to 48 
volts or 125 volts d-c. control source. For 250 volts 
d-c. control voltage an external resistor is supplied. 
The back contacts of the circuit breaker are connected 
in series with the d-c. control circuit, so that the tele¬ 
phone relays of the synchronizer are deenergized when 
the breaker is closed. 

The synchronizer will energize the breaker at a 
maximum advance of 35 deg. To obtain proper per¬ 
formance of the synchronizer the maximum frequency 
difference for which the synchronizer should be ad¬ 
justed to operate and close the breaker is given by 

35 

equation F = where T — breaker closing time 

in seconds. 

For most applications it is desirable for operating 
reasons to keep the lockout frequency difference well 
within this limit. 

Adjustments 

The adjustments of the automatic synchronizer are 
quite simple. The apparatus is calibrated and tested in 
the factory under true operating conditions, and the 
field adjustments necessary are the adjustment of the 
amount of advance to suit the particular breaker applied 
and the adjustment of the lockout frequency difference. 

The Advance Adjmtment. This adjustment is made 
at approximately 1/10 cycle frequency difference 
between the two sources to be connected, while the 
line switch is open so that the breaker can be closed 
without paralleling the two systems. A lamp with a 
small time lag or a quick acting relay is connected in 
series with one pair of the main contacts of the circuit 
breaker, and is energized by the d-c. control source. 
This lamp or relay is placed close to the synchronoscope 
and by watching the synchronoscope it is possible to see 
whether the breaker closes too early or too late. The 
adjustment of the air valve of dashpot 4 is varied until 
the breaker contacts close at zero phase angle 
displacement. 

The Lockout AdjustmerU. The speed of one source is 
adjusted to give the highest frequency difference at 
which it is wanted to synchronize, and the lower con¬ 
tact A for t 3 q)e X Y-11 and upper contact C for type 
X Y-12 is adjusted so that the telephone relays of the 
S 3 mchronizer is just not locked out at this frequency 
difference. 
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Comparative Tests between Hand Synchronizing 
AND Automatic Synchronizing 

A[series of tests was made with the X Y-11 type syn¬ 
chronizer to determine the performance of the synchro¬ 
nizer and compare it with the performance of a skilled- 
operator. A 3000-kv-a., 25-cycle, three-phase motor 
generator set was arranged to be synchronized with a 



Fia. 12—CoNNSCTIOM-S FOB CoMPABATI-FB TbSTS 


25-eycle test circuit with the connections shown in 
Pig. 12. The frequency of the test circuit showed some 
variations due to load -variations; the closing time of the 
oil circuit breaker used during the test -was measured 
by means of a cycle counter. It was found that the 
time required from the moment the contacts of the 
synchronizer closed until the main contacts of the 
circuit breaker engaged was 0.6 sec. The speed of the 
motor generator set was regulated by hand to give 



various beat frequencies within the lockout frequency 
limit for which the s 3 niehronizer was adjusted. A 
quick operating relay (dosing time 0.009 sec.) was used 
as a closing indicating relay and was connected so that 
it would operate when the main contacts of the circuit 
breaker engaged. This relay was held in the hand of 
one of the men conducting the tests, and the position 
of the synchronoscope pointer was read by him at the 
instant he felt the indicating relay operating. 


With the automatic synchronizer in operation 193 
readings were taken, and 67 readings were taken with 
hand operation. 

The result of the tests is shown in Pig. 13, which 
shows the percentage of the total number of operations 
for which the circuit breaker contacts would dose at a 
certain voltage phase displacement. The curves show 
the superior accuracy of the automatic s 3 nichronizer as 
compared with the performance of a sMlled operator 
synchronizing by hand. The results for manual 
operation show tiiat an operator is liable to dose the 
circuit breaker too late. This would be even more the 
ease for applications with erratic frequency and for 
such applications the comparison between automatic 
synchronizing and hand synchronizing would be still 
•more favorable for the automatic synchronizer. Prom 
Pig. 13 may be seen that the automatic synchronizer 
would never close the breaker main contacts at a wider 
angle than 9 deg., while the operator happened to close 



Pig. 14—A Compabison- op Atttomatic and Matjtt at. 

Stnchbonizinq 

the breaker as much as 20 deg. too late. The curves do 
not indicate the fact that automatic dosure required 
much less time than hand closure, since the operator 
would always wait for smaller frequency differences 
before he would synchronize; while the automatic 
synchronizer would dose the breaker the fimt time the 
frequency difference was below the lockout frequency 
difference 1/7 cyde. 

The same test results as given in Pig. 13 are plotted in 
a different -way in Pig. 14. The curves of Pig. 14 show 
the per cent of total number of operations for which the 
circuit breaker contactsdose within a certain number of 
degrees of synchronism. For example,- when automatic 
synchronizing was used the circuit breaker contacts 
would dose within 2 deg. or less of synchronism for 
56 per cent of the total number of operations, while 
with manual synchronizing the operator succeeded in 
getting the same good results for only 19 per cent of the 
total number of operations. 

Field Tests 

Through the courtesy of the Kentucky Hydro Electric 
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Company a series of tests was made with the two 
automatic S 3 mchronizer t37pes XY-11 and XY-12 
at the Hydro Electric Generating Station at Dam 
No. 7, Kentucky River. This station is equipped with 
three generators, driven by propeller type waterwheels 
rated 1000 hp., 150 rev. per min. at 15 ft. normal water 
head. The generator rating for each unit is 850 kv-a. 
at 80 per cent power factor, 60 cycles, 150 rev. per min. 
The inertia of the units is low and due to the inherent 
characteristic of the hydraulic equipment, the frequency 
of the generator to be synchronized is very erratic in 
spite of the excellent condition of the installed governor 
equipment. The time element of the circuit breakers 
of the station was measured and found to be 0.25 sec. 

The automatic switching equipment of the station 
was arranged so that any one of the three generating 
units could be started up by pressing a push button on 
the switchboard, or by means of supervisory equipment 


controlled from a distant dispatcher's oflBice. After 
a unit had been started up the automatic sjmchronizer 
was given control when the speed of the generator was 
high enough to allow the generator voltage to build up 
to normal. The time interval from the moment when 
a unit was started up until the synchronizer was given 
control was practically constant for each individual 
unit, but showed some variations for the three different 
units due to the various adjustments of the time delay 
of the voltage relays connected to give the synchronizer 
control. 

With the XY-11 synchronizer in service 19 different 
synchronizing operations were made, while 25 different 
ssmchronizing operations were made with the XY-12 
synchronizer in service. By means of a stop watch the 
total synchronizing time, from the start of a unit until 
breaker closure, was measured, and is given in column 
2 of Table I. The time required from the start of a 


TABLE I 

FIELD TEST RESULTS 


1 

2 

3 

4 

5 

6 

7 



Time in second from 

Time in second from 





Time in seconds from 

start of unit until 

energizing S3nichro- 

Breaker closure 




start of unit until 

synchronizer was 

nizer until breaker 

degrees phase 


Synduronizer 

Test No. 

brealcer closure 

j given control 

closure 

displacement 

Unit No. 

model 

1 

106 

40 

65 

5 



2 

240 

40 

200 

0 



3 

75 

40 

35 

15 



4 

190 

40 

150 

0 

3 


5 

70 

40 

30 

0 



6 

60 

40 

20 

5 



7 

70 

40 

30 

5 



8 

76 

40 

35 

0 



9 

70 

40 

30 

5 


XY-11 

■ 






10 

135 

35 

100 

0 



11 

ISO 

35 

95 

5 



12 

60 

35 

25 

i 0 



13 

80 

35 

45 

0 

1 


14 

45 

35 

10 

0 



15 

55 

35 

20 

10 



le 

96 

35 

60 

5 



17 

110 

35 

75 

0 



18 

60 

45 

15 

0 

2 


19 

116 

45 

70 

5 



20 

60 

45 

15 

0 



21 

120 

45 

75 

15 



22 

140 

45 

95 

15 



23 

55 

45 

10 

0 



24 

65 

45 

10 

5 

2 


25 

70 

45 

25 

5 



26 

75 

45 

30 

5 



27 

65 

45 

20 

10 



28 

65 

45 

20 

0 


xy -12 

29 

45 

35 

10 

0 


30 

45 

35 

10 

10 



31 

60 

35 

15 

0 

1 


32 

65 

35 

SO 

0 



33 

45 

35 

10 

5 



34 

45 

35 

10 

0 



35 

45 

35 

10 

0 



36 

00 

* 40 

50 

0 



37 

76 

40 

35 

0 



38 

70 

40 

30 

15 



39 

85 

40 

45 

0 

3 


40 

80 

40 

40 

15 



41 

65 

40 

25 

0 



42 

90 

40 

50 

5 



43 

66 

40 

25 

10 



44 

60 

40 

20 

0 
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machine until the synchronizer was connected is given 
in column 3, and the time during which the synchro¬ 
nizer was in operation is given in column 4. The phase 
displacement between the voltages in the moment of 
breaker closure as read on a synchronoscope is given 
in column 5. 

From column 4 of Table I can be found that, with the 
XY-11 synchronizer in service the average time re¬ 
quired to synchronize a machine was 58 sec., while the 
maximum synchronizing time during 19 operations 
was 200 sec. With the XY-12 synchronizer in service the 
average synchronizing time is found to be 30 sec., and 
the maximum time during 25 operations 95 sec. 

During these tests the machine frequency was very 
erratic; in fact, the synchronoscope pointer was never 
seen to rotate at uniform speed for one full revolution, 
and the frequency difference seldom remained within 
the selected lockout frequency difference (1/5 cycle) for 
more than 10 sec. Due, however, to the proportional 
advance incorporated in the synchronizer models, the 
S3mchronizer would never close the breaker farther off 
synchronism than 15 deg. The average closing point 
for the XY-11 synchronizer, as given in column 5, 
Table I, was found to be at 2.9 deg. phase displacement, 
and the average closing point for the XY-12 synchro¬ 
nizer was found to be at 4.8 deg, phase displacement. 

The type XY-12 synchronizer was permanently 


installed in this station, and a series of synchronizing 
tests was made with the installed equipment to deter¬ 
mine the time required to synchronize the whole station 
to the line. During the tests the push buttons of all 
three units were pressed simultaneously. Unit No. 1 
would then start up. As soon as unit No. 1 reached 
normal voltage the synchronizer would be connected 
and the machine synchronized properly with the line. 
Units No. 2 and 3 would then start up simultaneously, 
and unit No. 2 was synchronized when the proper 
synchronizing conditions obtained. When unit No. 2 
went on the line the synchronizer was switched over 
to unit No. 3 which would be synchronized. 

During 7 different tests it was found that the type 
XY-12 synchronizer would connect all three generating 
units to the line in an average time of 159 sec., while 
the maximum synchronizing time was found to be 194 
sec., and the minimum synchronizing time 119 sec. 
It should be noted that these data cover the time re¬ 
quired to bring all three units up from zero speed to 
normal speed and to synchronize each unit individually 
with the line. 
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High-Frequency Portable Tools and Equipment 
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Synopsis.—This paper presents practical information regarding 
the application of high-frequency (180-cycle) induction motors with 
low-resistance rotors to portable electric tools. 

In order to compete with existing tools it became necessary to 
increase the rotor speed above that of 60 cycles, and 180 cycles 
per second was adopted as commercially practical. Several ad¬ 
vantages are shown. There is a smaller drop in speed with this 


T he application of the term **high-frequency’' to 
portable tools and equipment is, no doubt, a 
misnomer in view of the extremely high radio and 
other frequencies generally understood to come within 
the scope of this term. As a matter of fact, the fre¬ 
quency now generally employed in so-called high- 
frequency portable tools is only three times the usual 
commercial frequency of 60 cycles per second. How¬ 
ever, as the name has come to be quite generally ac¬ 
cepted as applied to this class of tools, it will be used 
here. 

In order to have a basis for comparison, it is desirable 
to make some reference to portable tools in general, 
so that reasons may be shown for this radical departure 
from the old standards. 

Older Types op Tools 

Electric drills of the portable type were introduced 
over 25 years ago and were wound for operation on 
direct current, to conform to the prevailing conditions 
in the industrial plants at that time. These tools 
were generally series wound, but several years later the 
larger sizes were compound-wound to give better speed 
regulation, which means higher armature speed at full 
load with limited free speed and consequently greater 
brake horsepower. 

This was a step in the direction of the high-frequency 
tool characteristics and it may be of interest, in passing, 
to note a very satisfactory method of applying com¬ 
pound windings to the larger d-c. drills, as adopted 
several years ago by one manufacturer of portable 
tools and still used. Fig. 1 shows the structure of the 
field and armature of this motor. There are four 
mechanical poles but only two electrical poles, N and n 
forming the north pole and S and s the south pole. 
Series coils are placed on poles N and S and shunt coils 
on poles n and s. The armature revolves in the di¬ 
rection indicated by the arrow. -When the motor is 
subjected to a heavy load the cross magnetization of the 
field, caused by the large armature currents, tends to 
deplete the magnetism in the trailing pole tips of N and 
S and to build it up in the leading tips of n and s. The 

1. Elee. Engr., Chicago Pneumatic Tool Co., Cleveland, Ohio. 
Presented at the Summer Convention of the A. J. E. E., Swamp- 
scott. Mass., June S4-^8,19S9. 


type of motor, than with the d-c. or the universal motor, and because 
of this, greater power is developed. The life of the cutting tools is 
longer due to the better speed regulation. Less weighi and lower 
maintenance costs result from this application. 

Several new tools for special work are described. The desirable 
regulation of the frequency converter or motor generator is given as 
not exceeding 8 per cent. 


gap between the pole faces of like polarity, of course, 
introduces reluctance into the path of this cross¬ 
magnetization. The increased current in the series 
coils due to the heavy load, builds up the magnetism 
in the trailing tips N and S and maintains practically 
sparkless commutation at all loads. Thus we are 
enabled to operate, under load, at a higher armature 
speed and develop more power, while the shunt-winding 
limits the free speed to a safe figure. 

A few years after the introduction of the d-c. drill, 
a-c. drills were developed. These were built to operate 
on 60 cycles and other prevailing frequencies such as 



Fia. 1 —Compound-Wound D-c. Motor 
special field structure 

40 and 25 cycles. They, of course, had good speed 
regulation, but the weight, due to lower rotor speeds, 
being limited to 3600 rev. per min. at 60 cycles and cor¬ 
respondingly less for the lower frequencies, was some¬ 
what of a drawback. 

About 1908 the now well-known universal drill was 
introduced and has met with great favor on account of 
its ability to operate interchangeably at practically the 
same speeds on either direct or single-phase alternating 
current of a given voltage. The universal tool is 
series wound with the typical series motor speed regu¬ 
lation, however. 

While the falling off in speed under load was con¬ 
sidered to be of advantage in some classes of work, it 
has now been demonstrated that the sustained speed, 
as of the induction motor, is generally preferable, due 
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to the accomplishment of a greater amount of work. 
This is particularly true of portable grinders as will be 
shown later. 

It is qidte obvious that the poljrphase induction 
motor tool has distinct advantages over the direct 
current and universal tools both as regards speed regu¬ 
lation and lower maintenance cost, due to the absence 
of commutator and brushes as well as the insulated 
armature winding. One factor which has retarded its 
adoption, however, has been its greater weight due to the 
low rotor speed on commercial circuits of 60 cycles or 
less. All electric tools d-c., universal, and polyphase 
a-c. have always had the handicap of weight as com¬ 
pared with pneumatic tools, except at the sacrifice of 
sturdiness. Nevertheless, many users have put up 
with the greater weight of the electric tool, on account 
of the more convenient source of power supply. 

In order to reduce the weight of the induction motor 
tool it is evident that we must bring the rotor speed up 
and we can do this only by increasing the frequency, 
since the 60-cycle drills were practically all provided 
with the minimum number of poles. The s 3 mchronous 
speed of a two-pole 60-cycle motor is 3600 rev. per min., 
whereas the d-c. and universal tool motors have free 
armature speeds of from 8000 to 16,000 rev. per min. 
and even higher in some of the smaller sizes. Under 
load these armatures slow down nearly 50 per cent which 
still leaves a speed higher than that of the 60-cycle 
motor. 

High-Feequency Tools 

A frequency of 180 cycles per second was adopted for 
the high-frequency portable tools, which gives a S 3 m- 
chronous speed of 10,800 rev. per min. in the two-pole 
motor used. This is considerably less than the average 
free speed of the d-c. or universal tool which is very 
high. This means longer life for the bearings, 
which are generally of the ball type. The slip 
under normal full load is 8 per cent to 10 per cent, 
giving an average loaded speed of about 9800 rev. per 
min., which is much higher load than the speed of the d-c. 
or universal tool with its large speed drop. This, of 
course, means more power with a given size of rotor. 

Several factors governed the selection of a standard 
frequency for these tools. Since it was necessary to 
obtain spindle speeds for the drills, reamers, and abrasive 
wheels which would conform to the modern cutting 
tools, there must be a point where the reduction in 
weight of the motor due to higher frequencies would be 
more than offset by the greater weight of the gearing 
required to obtain the necessary spindle speeds. From 
this point of view, the desirable frequency was found to 
be in the neighborhood of 180 cycles per second. 
Troubles in ball bearings and difficulty of lubrication at 
high speed is another limiting factor, although improve¬ 
ment in both directions indicates the possibility of still 
higher frequencies. 

Thus the high-frequency tools meet the requirements 


of intensified production in modem industry where 
portable tools are crowded to the utmost and in many 
cases get very little care. The outstanding advantages 
due to this application are: 

I. Greatly increased power for the same weight, due 
to the higher loaded speeds of the rotor. 

II. Reduced weight for a given power output. 

III. Practically constant speed at all loads (8 per 
cent to 10 per cent slip) which results in the accomplish¬ 
ment of more work. 

IV. Greatly reduced maintenance cost. 

In order to give comparisons with other t 3 rpes, a con¬ 
crete example of the increased power and better speed 
regulation of the high-frequency tool is shown in Fig. 2. 
Here, the actual watts input are plotted as the abscissas 
against b. hp. in curves No. 1 and 2 and against the spin- 



Fia. 2—Comparison of High-Preqttency and D-c. Reamers 

Curve 1 is br^e horsepower of high-&equency reamer 
Curve 2 Is brake horsepower of d-c. reamer 
Curve lA Is speed of high-frequency reamer 
Curve 2a Is speed of d-c. reamer 

die rev. per min. in curves lA and 2A. Curves 1 and lA 
show characteristics of a high-frequency reamer weighing 
50 lb., while2 and 2A are the corresponding curves of a d-c. 
reamer which weighs 68 lb. or 36 per cent more. The nor¬ 
mal load rating of thehigh-frequency reamer is 5300 watts 
input at which point it develops 5.35 hp. at 280 spindle 
rev. per min., or with a slip of 6J^ per cent. The 
normal load rating of the d-c. reamer is 3600 watts at 
which point it develops 3.5 hp. and 265 rev. per min., 
representing a slip of 56^ per cent. It will be noted 
that the reserve power above normal full load of the 
high-frequency tool is large as compared with the d-c. 
tool. The armature, exclusive of shaft and the ventilat¬ 
ing fan, of the d-c. tool weighs 2 H times as much as 
the high-frequency rotor. 

Fig. 3 is the detail curve of the high-frequency reamer 
shown in the previous curve. Note the well sustained 
speed at maximum hp. and torque, the slip being 15 
per cent, also the high-power factor. 

A cast rotor of relatively low resistance is used in 
these tools, which gives close speed regulation. When 
they were first put on the market, it was thought that 
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the smaller tools should have considerable speed varia¬ 
tion and a rotor wound with bare copper wire was used, 
making it possible to wind rotors of high or lower 
resistance as desired. While this practise has been 
discontinued in favor of the low-resistance cast rotor, 
it will be interesting to note what was accomplished. 



WAITS INPUT 



I 

g 

I 


Fia. 3 —Chaeacteristics op Large High-Frequency 

Reamer 


in the way of speed variation or slip in these small 
machines. 

Fig. 4 shows the characteristic curves of a small drill 
weighing eight pounds and capable of drilling 5/16-in. 



Pig. 4—Characteristics op Smalij,High-Frequency Drili. 

WITH High-Resistance Rotor 

holes in steel. It has a high-resistance rotor. Note 
that a slip of 75 per cent was reached with the spindle 
torque very close to maximum. The maximum hp. was 
reached at about 30 per cent slip. With the low-resis¬ 
tance cast rotor, in the same stator, a slip of Slper cent is 
obtained at the same watts input which gave a 75 per 
cent slip with the high-resistance rotor shown in Fig. 4, 
and the maximum hp. is developed at 8 per cent slip as 
against 30 per cent. The maximum hp. is also about 
12 per cent greater with the cast rotor, these differences 
being due to the difference in rotor resistance. 


Perhaps one of the most outstanding examples of the 
advantages of high-frequency tools is to be found in the 
portable grinder and buffer. Here the great advantage 
of sustained speed is very pronounced. The cutting 
wheel can be operated at the proper and most efficient 
speed without having to allow a high and dangerous 
free speed, as is the case with other types of electric 
and some air grinders. In addition to obtaining the 
most efficient cutting speeds for the wheels, the wheels 
themselves give practically double the life at the sus¬ 
tained speeds. 

Pig. 5 shows the curves of four types of electric 
grinders, each having the same weight. The spindle, 
or arbor, rev. per min. are shown as the abscissas 
plotted against the hp. 

Curve No. 1 is of a geared grinder with imiversal motor 
and the armature running about three times as fast as 
the spindle. Note the extremely high no-load speed 
of 5200 rev. per min., and the speed of 2000 rev. per min. 
at maximum hp. 



Pig. 5—Comparison op EiiBCTRic Grinders op Pour 
Dippbrent Types 

All these grinders have the same wei^t 

Ourve 1—Geared universal-motor grinder 
Curve 2—Geared compound-wound d-c. grinder 
Ourve 3—Gearless SO-cyde Induction-motor grinder 
Ourve 4—Geared hlgh-freouency grinder 


Curve No. 2 is of a geared compound-wound d-c. 
grinder. The effect of the shunt winding is made 
apparent in the reduced no-load speed. We also have a 
greater wheel speed at maximum hp. 

Curve No. 3 is of a two-jpole, 60-cycle induction motor 
grinder without gearing. The synchronous speed is 
3600 rev. per min. Here we have good speed regulation 
and the absence of gearing is, of courae, an advantage in 
that it permits of a larger motor for the same total 
weight of the tool. 

Curve No. 4 is of a high-frequency grinder geared 
slightly less than three to one so that the free speed is 
about 3800 rev. per min. This has good speed regula¬ 
tion and very much more power due to the high rotor 
speed at full load. This is the only grinder of the group 
that will successfully carry a 6-in. abrasive wheel at 
proper speed and with sufficient power behind it. The 
rubber-bonded wheels which permit of a peripheral 
speed of 10,000 ft. per min. require a smaller gear ratio 
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thus increasing the arbor speed, or a larger diameter of 
wheel may be used with the same ratio. 

A comparison of the high-frequency grinder with 
three types of pneumatic grinders is shown in Fig. 6. 
Here the arrangement of the curves is the same as in 
Fig. 5. 

Curve No. 1 is of a reciprocating piston type of 
pneumatic grinder. Note the range of maximum power 
is at from 1400 to 2200 rev. per min., while the no-load 
speed is 4000. 

Curve No. 2 is of a rotary pneumatic grinder. The 
load speed is 3000 to 3600 rev. per min., which is an 
improvement over No. 1, but the no-load speed is 
6800 rev. per min., which is excessive for a 6-in. wheel. 

Curve No. 3 is of a rotary pneumatic grinder pro¬ 
vided- with a throttling governor. Here the no-load 
speed is held down by throttling the air, not only making 
a safer tool but consuming less air at the lighter loads. 

Curve No. 4 is of the same high-frequency grinder 
as was shown in Fig. 5. The speed is held within 


Fig. 



6—COMPAKISON OF PNEUMATIC GrINDEES WITH HiGH- 

Frequenct Electric Grinder 


Curve 1—Redprocating pneumatic grinder 

Curve 2—^Rotary pneumatic grinder 

Curve 3—Rotary pneumatic grinder with governor 

Curve 4—Geared liigh-frequency grinder, same as in Fig. 5 


dose limits and there is plenty of power to handle the 
work. Furthermore, although not shown, the power 
consumption, as of all electric motors, isless at the lighter 
loads, while the converse is true of the pneumatic tools 
except in the case of the grinder in Curve No. 3. 

Just as sustained correct speed makes for longer wear 
of grinding wheels and abrasive disks, so does it also 
give long life to reamers and drills. In reaming through 
a considerable thickness of steel when much metal is to 
be removed, a tool having great speed variation is apt 
to produce dogging of the reamer at extremely slow 
speeds and burning when the load is lessened with the 
reamer still in the hole. 

A very striking example of the effect of nearly con¬ 
stant speed in increasing the life of the reamer was 
observed in a bridge fabricating plant with a 50-lb 
high-frequency tool having a synchronous speed of 300 
rev. per min. The holes were punched 11/16 in. and 
reamed to 15/16 in. through assembled plates varying 
in group thickness from in, to in* Over 3000 


linear in. of this reaming was done with one reamer 
without regrinding. This was at a reaming rate of 3.7 
in. per min., including the time of changing from hole to 
hole. 

As an example of reaming 15/16 in. full punched holes 
in deck plates, on ship work, a high-frequency reamer 
of 300 rev. per min. synchronous speed reamed 100 
holes in 9 min., which was 39 per cent faster than with a 
compound-wound d-c. reamer weighing 40 per cent more. 

In the drilling of metal it has been found that high- 
frequency drills selected as to proper speed for the size 
and nature of the holes to be drilled will do the work in 
one-half the time required by the d-c. or universal 
drills with tjieir greater speed variation. 

In the case of grinding of steel bars it was found that 
the high-frequency grinder removed 12 per cent more 
metal, over a period of several days, as compared with 
equal weight pneumatic grinders of the piston t 3 rpe. 
The d-c. and universal grinders as shown by the curves 
in Fig. 5 are not competitive with the high-frequency 
type. 

So much more work can be accomplished with the 
high-frequency tool that large numbers of the older 
t 3 q)es of tools are being discarded. Manufacturers 
are recognizing the rapidly changing conditions and are 
willing to scrap the earlier tools to invest in the new 
equipment necessary, in the shape of frequency convert¬ 
ers or motor-generator sets and new wiring in order to gain 
the advantages of the increased production. The cost 
of power is somewhat more due to the transformation 
to the high-frequency ~ current, but the individual 
efficiency of the tools is higher than in the old 
types of tools. As the cost of current in many 
industries is only about one-twentieth of the cost of 
production labor, the great increase in productive 
capacity, made possible by the high-frequency tool, 
compensates many times for the slight increase in 
cost of current. 

The outstanding advantages of high-frequency tools 
have been so apparent that new applications have been 
springing up with great rapidity. A few of the tool 
types and their applications will be described in the 
following paragraphs. 

Fig. 7 shows a small tool equipped with a multiple 
jaw clutch held apart by means of a spring and put into 
engagement by means af pressure on the handle. When 
driving screws or running nuts, the torque developed 
at the end of the operation causes the abutting faces of 
the jaws to be forced apart, due to a very definite angle 
of contact between them. 

Fig. 8 shows a nut runner for counterbalanced sus¬ 
pension, equipped with a cushion clutch which is 
adjustable for various sizes of nuts. This clutch which 
has multiple jaws, releases at a predetermined load 
and cannot drop into engagement again until the com¬ 
pletion of one full revolution. The jaws are quite 
shallow and there is considerable angular clearance 
between the interlocking faces, so that when they drop 
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in, after having released, the driving faces come 
together with considerable speed and, due to the 
yielding effect of the spring which holds them together, 
they ride up and out of contact with practically no 
shock to the operator or tool. 

Fig. 9 shows a large reamer weighing 50 lb. and 



PiQ. 7-HlGH-PBBQTJENCy SCRBW DrIVEB OR NiJT RtTNNEB 

WITH Positive Clutch 

handled in most cases by two men. This is capable of 
1 Vi6-in. reaming in steel at a very rapid rate. 

Fig. 10 shows a tool for driving screw studs and at the 
same time indicating their tightness. The tool is 
carried in a radial arm which is very flexible and serves 
to take the torque and support the weight of the tool. 



Pig. 8—^Htgh-Pbequency Nut Runner with Cushion 

Clutch 

It has been the custom in putting in screw studs to drive 
them part way mechanically and then use a double 
ended wrench to feel them manually for tightness. 
This was a double operation and slow. 

In the construction shown, the tool is free to turn on 
ball bearings, around its spindle axis, through an angle 
of 20 deg. or 30 deg., and this movement is resisted 


by an adjustable weight and lever arm. A so-called 
solid chuck is generally used which screws over the 
upper end of the stud and the tool must be reversed to 
get it off after the stud is driven home. An automatic 
depth stop, set for the proper length of projection of the 
stud from the working surface, releases the driving 
clutch and stops the tool spindle. The raising of the 
hand lever at the right engages the reverse clutch and 
gearing in the tool. 

After the tool starts to drive the stud in the tapped 
hole, the torque developed tends to turn the housing 



Fig. 9—High-Frequency Reamer 
C apacity 1 5/16 In., weight 50 lb. 



Fig. 10—^High-Frequency Stud Setter Mounted on Radial 

Arm 

of the tool against the weight and lever arm shown in 
Fig. 10 and if this torque is sufficient to lift the weight, 
an electrical contact is made which causes a green light 
to appear, indicating to the operator that the stud is of 
the proper tightness. In order to take care of the 
danger of getting studs too tight, as in cast iron, a 
second weight and lever are supplied, cooperating with 
a red light to indicate when the stud is going in too 
tightly. The excess torque causes the second weight 
to be lifted and the circuit for the red light to be com¬ 
pleted. Current for the lamps is supplied through a 
small 4-volt transformer. 
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The radial arm shown in Fig. 10 is also used to carry 
nut runners as shown in Fig. 8. This relieves the 
operator of the weight and all shock of driving, even 
when the ordinary solid jaw clutch only, is used.' 

Fig. 11 is a typical portable grinder for foundry and 
general grinding. 

Fig. 12 is a sander canying a renewable abrasive 
disk for the sanding of automobile bodies and similar 
work. 

There are many other tool applications which are 



Fig. 11—HicfH-FiiKQUBNCY QraNDEB 
Wlioel 0 iu. by 114 In. 


modifications of those shown. Eight motor sizes com¬ 
prise the group of tools. Fig. 7 to Fig. 12, with a large 
number of gear ratios and mechanical combinations. 

Supplying the High-Frequency Energy 

There are two well known methods of transforming 
commercial current to high frequency current, viz. 
the frequency converter and the motor-generator. 

The frequency-converter can be used only when the 
primary current is alternating. As generally employed 
for operating high-frequency tools it consists of 
special windings in a slip-ring motor frame, the rotor 
of which is driven backward, usually by an induc¬ 
tion or synchronous motor. In operating high- 
frequency tools, it has been customary, with a 60-cycle 
source of supply, to employ an 8-pole frequency con¬ 
verter, driven at 1800 rev. per min. to furnish 180 
cycles. The stator winding is excited with 60-cycle 
energy and the supply line for the tools is connected to 
the slip-rings. The field produced in the stator winding 
rotates in one direction at 900 rev. per min. The rotor 
is turned m the opposite direction at 1800 rev. per min. 
giving a net speed of 2700 rev. per min. which gives 180 
cycles in the eight-pole rotor. As satisfactory tool 
operation depends on good voltage regulation, it has 
been the aim of the manufacturers to hold within 8 
per cent voltage variation, the full-load voltage being 
220. The frequency converter has an inherent regula¬ 
tion and the voltage at a given load varies only with the 
primary voltage. 

The motor-generator or alternator provides an en¬ 
tirely new current, and at 1800 rev. per min., a 12-pole 
generator will be required to produce 180 cycles. The 
motor can be operated from either d-c. or a-c. If the 
latter, an exciter will be required for the generator 
fields. A regulation not to exceed 8 per cent is also 
desired with this set but it is possible to vary the 


voltage either manually or automatically by changing 
the field current of the generator. 

Each type has its advantages and while the sim¬ 
plicity of the frequency converter appeals to many, 
the possibility of voltage regulation seems more im¬ 
portant to others. 

The current used for high-frequency tools is three- 
phase and a cable with four conductors is provided with 
the tool, terminating in a suitable plug. The fourth 
conductor is grounded to the housing of the tool and 
the receptacle in the power line is grounded. This 
seems to have been satisfactory in the prevention of 
shocks from grounded windings. It has been sug¬ 
gested that a fourth collector ring be provided on the 
frequency converter or motor generator to connect to 
the neutral of the star connected windings and to 
ground. 

Many ways of bringing current to the tools have been 
devised. The 4-point plug and cable method has been 
the most popular. Another method, recently offered, 
consists of four bare copper wires used as trolley wires 
in an insulated trough or enclosure. These are sus¬ 
pended over the work and a four wheel trolley brings 
current through a short cable to the tool. The fourth 



Fig. 12—^High-Frequency Sander 
O arrying 94n, abrasive disk 

trolley wheel and wire is of course for grounding 
purposes. 

Much hard work was done in pioneering the high- 
frequency tool, as long tests had to be made to convince 
the manufacturers of its ability to stand up under the 
rigorous .duty which it seemed capable of performing. 
It has withstood these tests over a period of several 
years and those who are familiar with its capabilities 
cannot help but feel that the high-frequency tool 
represents ^e greatest advance made in portable tools 
since their introduction. 


Discussion 

A« MacGutcheont I was greatly impressed by Mr. 
Coates* statement that they get 6.35 hp. out of 50 lb. of material, 
including the mechanical parts of the tool. 

I was particularly interested in Mr. .Coates* comments on the 
source of power. He mentioned that good regulation was very 
desirable. In that connection, some experiments have been 
with a source of high-frequency energy which has come backinto 
use recently because of a demand for very excellent regulation. 

The machine might be described as a rotating transformer 
where ^tematmg current is fed mto the rotating member through 
slipperings and alternating current is taken out through a com- 






October 1929 


COATES: HIGH-FREQUENCY PORTABLE TOOLS 


1195 


mutator. If the macbine is stationary, it is obvious that tbe 
frequency that is fed in is the same as the frequency that comes 
out. If the machine is operated by an outside source of power 
at the same speed, that is, the speed which would correspond 
with the synchronous speed of the winding, direct current is 
obtained. If 60-cyole enei^ is fed in and the machine is driven 
backward, the frequency will be doubled. 

This t 3 T)e of machine may be driven by an induction motor. 
If the winding is a 6-pole winding, with synchronous speed of 
1200, but is operated at 900,15 cycles will be secured. 

I have wondered whether there would be a demand for a higher 
frequency than the 180-eyele. 

The regfulation of this machine, which may be described as a 
rotating transformer, is very excellent, at least at low frequency, 
where I have the tests in mind. Regulation as good as 3 per cent 
has been obtained on 15-cycle alternation. 

I hope that in the A. I. E. E. Transactions more and more pa¬ 
pers will appear on the application of electricity. I recall that 
in our own factory about six or seven years ago, although it is a 
factory manufacturing electrical equipment, air tools were used. 
In the last five years that has been entirely changed and no air 
tools are found, they are all electrical. 

J. H. Snyder I The induction frequency changer has an ad¬ 
vantage over the motor-generator frequency changer in that the 
motor driving the generator need not have the same capacity 
as the generator. For instance, in stepping up from 60 cycles 
to 180 cycles, the generator will provide one-third of the eneigy 
through its primary winding and two-thirds of the energy will 
have to be provided through the driving motor. 

That feature of the induction frequency changer makes it in a 
great many cases less expensive in first cost than the motor 
generator. 

Referring to the regulation of the mduction frequency changer, 
Mr. Coates, I believe, stated that usually a regulation of 8 per 
cent is specified. That regulation is very good and is not detri¬ 
mental to the motor when the frequency changer is operated at 
very high loads. 

The commercial motors are at the present time guaranteed for 
10 per cent overload and, therefore, if you have any regulation, 
you are well within the 10 per cent guarantee, so there is no dam¬ 
age possible by operating the high-frequency tool at slightly 
higher than the rated voltage. 

The regulation of a motor^enerator type of machine is in¬ 
herently poorer than that of the induction type of machine; 
however, as Mr. Coates pointed out, the voltage can be varied 
by changing the field of the generator to any value desired. This 
requires expensive automatic apparatus or else an operator. 

There is also the question of low power factor in connection 
with the induction frequency changer, but the amount of power 
used by the high-frequency tool is usually very small compared 
to the total amount of power used so that the power factor of the 
total load is not greatly lowered. 

Where laige numbers of high-frequency tools are employed 
the power factor may be raised by the use of capacitors connected 
to the line. 

The present voltage seems to be 220 but there is some demand 
for an even lower voltage such as 110. Transmitting 110 volts 
at 180 cycles is quite a problem, if the distribution system is long. 
It has been suggested that the power be generated at 440 volts 
or higher and transformed at various points and used at 110 volts. 
That would have the advantage of using 110 volts on the tool and 
still transmitting at a higher voltage. The transformer involved 
in such a case would not be very lat^e. It is, of course, 
well known that the transmission of power by means of com¬ 
pressed air is very inefficient and I believe that the 180-oycle tool 
has a higher overfall efficiency than the pneumatic. Also, the 
maintenance on air lines and hose connections, etc., is rather high. 

B. B. Ramey: The portable electric tool moved along rather 
slowly while we had only the slow-speed motors which made the 


tools so bulky, but with the introduction of the universal motor, 
when the size was much reduced because of high speed, the de¬ 
velopment became very rapid. Now the 180-cyole tool has come 
in to speed up production stiU further. That point which Mr. 
Coates brings out in regard to speeds being maintained is the 
point around which the greater production and lower cost 
revolve. 

In regard to the universal tool as compared with air, my im¬ 
pression is that the universal tool is not as much handicapped 
as Mr. Coates’ statements seem to indicate. It is my feeling that 
the universal-motor tool is superior to the air tool in general 
applications, with the exception of air riveters. 

The high-frequency tool is going into industrial plants and tak¬ 
ing the place of air equipment rather rapidly, because it can stand 
up under the heaviest class of service and produce as much work 
as the air tool, in fact even more. The high-frequency tool is 
much lower in weight than any other tool. 

The ventilation of the high-frequency tool is much better than 
on the universal tool wherein the speed drops off very rapidly 
imder the heavy loads and the ventilation is greatly reduced. 

In regard to the frequency of 180-oycles, I think another fact 
that accounts for its adoption is that it gives about the best fre¬ 
quency combination that can be got from the standard frequen¬ 
cies of 50 and 60 cycles. Two hundred cycles or higher would 
give greater motor capacity, but in some oases would involve 
more expensive gearing to reduce to proper tool speeds. The 
system of frequency changers, which Mr. MacCutoheon men¬ 
tioned, is very interesting and I hope something can be developed 
along that line to help further the use of portable electric tools. 
My thought is that in order to get the benefits of the high-fre¬ 
quency tool to the small user of portable tools, it will be necessary 
for this high frequency to be supplied by the power companies. 

I believe the loss in the line at 180 cycles amounts to very little 
in lines less than ^ in. in diameter. Of course, in suppl 3 dng the 
power in large quantities so the conductor is very large for 110 
volts, it may be necessary to transmit it at the higher voltage 
and then transform it down. 

C. B. Coates: I saw the rotary converter which Mr. Mac- 
Cutcheon described and it looks as though it has great possibili¬ 
ties. It is very flexible and no doubt can be applied to the 
driving of high-frequency tools. 

In regard to raising the voltage for transmission purposes 
which Mr. Snyder spoke of, this has not been found necessary, 
because in the larger installations, sometimes involving as many 
as 1000 tools, it has been customary to install several frequency 
converters around the plant in order to economize on wiring. 
The largest units installed so far are 75 kv-a. The reactance is, 
of course, three times what it would be for 60 cycles, but 
by proper arrangement of the wires and wiring the reactance 
voltage can be kept down to a small value in the 220-volt trans¬ 
mission. 

Mr. Ramey’s suggestion that there might be a possibility of 
the power companies supplying high-frequency current for port¬ 
able tools is very interesting and I am sure this would be 
welcomed by the manufacturers of such tools. 

The tendency has been to install frequency converters 
or motor-generator sets having excess capacity for the immediate 
work involved so that there will be ample capacity for future 
additions. In one of the very early installations in an automobile 
body plant, a 12-kv-a. motor-generator set was installed to oper¬ 
ate 20 tools. It was found later that, owing to the extremely low 
load (diversity) factor, it was possible to have 60 tools connected 
to this set. The low load factor was due largely to the great ra¬ 
pidity with which the work was accomplished as compared with 
the old methods. It has been found practical to install as few as 
six tools in a plant, in view of the lower maintenance cost and the 
greatly increased production. Of the installations now in opera¬ 
tion about 60 per cent are operated by frequency converters and 
40 per cent by motor-generator sets. 
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Introductory 


T he classical basis, upon which the theory of electric 
heating design rests, need only be suggested. It is 
founded on several well-known electrical and 
thermal laws,—^for example, those of Ohm, Wien, and 
Planck, and the familiar Stefan-Boltzman equation. 
To be sure, certain data which are based solely upon 
fortuitous experiment have been useful; but the funda¬ 
mental relationships must not be ignored. It is the 
purpose of the present paper to outline briefly some 
principles in the use of electricity for heat, pointing out 
particularly those basic ones which govern its skilful 
employment. 

Attention will be focused primarily upon the three 
vital factors of design and their relation to each other in 
industrial heating work: the laws of Ohm, the equation 
of Stefan-Boltzman, and the limitations which govern 
their use with the materials available for heating ele¬ 
ments. The first two canons are more or less well- 
founded upon theory; the last is substantiated only by 
experience, but is none the less important at the present 
stage of the art. 

In this paper attention is confined to metallic resistors 
for high-temperature work (up to 1850 deg. fahr.). It 
is here that the upper safe value of the operating 
temperature of the heating unit is approached. At 
lower temperatures, of course, only part of the heat 
generated in the elements is carried away by radiation, 
there being some conduction and considerable convec¬ 
tion. At 1850 deg. fahr., the losses by radiation in air 
are about 90 per cent of the total. In a sealed enclo¬ 
sure, such as a furnace chamber may often be assumed 
to represent, the heat is all black-body radiation. It 
is interesting to note that this fact was arrived at 
simultaneously by Kirchhoff and Balfour Stewart, about 
1858. Hence, Ohm's Law and the Stefan-^Boltz- 
man Equation together connect electricity and heat 
completely. 


Material for Heating Elements 

For temperatures up to 1850 deg. fahr., there is 
really only one material from which a practical life can 
be obtained. This is an alloy containing normally 

♦Industrial Heating Engineer, The Niagara Falls Power Co. 
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about 80 per cent nickel and 20 per cent chromium, 
with practically no iron. The susceptibility of iron to 
oxidation endangers the life of the metal at elevated 
temperatures; so that in the best metals it is carefully 
avoided. The alloy has the property of forming upon 
its surface a complicated metallic layer, of which the 
metallography is still not clearly understood. It is 
known, however, that this coating effectively prevents 
further oxidation of the body of the material below 
2100 deg. fahr. (1150 deg. cent.). Thus, it assures the 
life of the element at ordinary heat-treating temperature.s. 

The resistivity of nickel chromium is consistent and 
fairly uniform, as indicated by the curves in Fig. 1. 
Data have been taken from two of the manufacturers’ 
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catalogs, for material of substantially the same com¬ 
position. It should be observed that the initial heating 
and quick cooling of the material give a ri.se of almost 
12 per cent in resistance between cold and 1850 deg. 
fahr. However, the conditions in a furnace chamber 
more nearly resemble annealing, since the resistor is 
seldom cooled very quickly. All the curves are plotted 
for relative resistances, assuming a specimen of one 
ohm resistance at 68 deg. fahr. (20 deg. cent.). This 
material proves to be a satisfactory one for heating 
units, and it is widely used. 

Electric heat is developed in, and by virtue of the 
properties of the heating element itself, without regard 
to any extraneous agency, except the supply of electric 
current. Provision must, therefore, be made for 
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sufficient radiating surface on the unit, wherefrom the 
heat generated in it may be dissipated. It is almost axio¬ 
matic that a body to which heat is being supplied will 
rise in temperature until the losses from its surface just 
balance the input, provided, of course, that there are 
no other abstractions of heat from or within the body. 
Not only must the required amoimt of heat be generated 
in the element, but the heat must also be utilized in 
such a way that the surface temperature of the unit 
itself will never exceed 2100 deg. fahr. These seemingly 
elementary facts are the bases of all industrial heating 
design. 

Ohm’s Law 

The familiar law of Ohm states that 

E = IR (1) 

where I = the current in amperes, 

E = the impressed voltage, and 
R = the resistance in ohms. 

The power in watts is the product of E and I, or 

El = PR (2) 

T.he power may also be expressed in B. t. u., or 
calories, by application of suitable conversion factors. 
One watt is equivalent to 3.412 B. t. u. per hour; or 
one kilogram-calorie per hour equals 1.162 watts. 
EI is the heating effect of the current. 

A variant form of Equation (2) may be obtained by 
substituting for*I its value E/R from (1): 

= (3) 


This gives the heating effect in terms of the voltage 
and resistance. Both relationships will be found use¬ 
ful in the later stages of the discussion. 

The general expression for resistance of a conductor 
at any temperature is 

„ L 

R = mp (4) 

where 

R is the resistance in ohms, 

m is a constant for any given temperature expressing 
the ratio of the resistivity at that temperature to 
the resistivity at some temperature of reference. 
For nickel chromium, the values of m are shown 
in Fig. 1. 

p is the specific resistance, or resistivity at the tem¬ 
perature of reference. In the case of nickel 
chromimn, the value of p is 626 ohms per cir- 
mil-ft., or 0.00004091 ohms per in. of length per 
sq. in. of cross-sectional area. The latter figure 
will be used hereafter, because we shall define 
L as the length in in., and 
A as the cross-sectional area in sq. in. 

Substituting the value of p in (4), there results for 
nickel chromium 


R = 


0.00004091 wL 


If, now, this value of R be substituted in Equations 
(2) and (3), they become 


&nd. 


El = 

Pm pL 

A 

(6) 

El = 

0.00004091 PmL 

A 

(7) 

El = 

E^A 
m pL 

(8) 

El = 

24444 E2A 

(9) 

mL 


Here are expressions for the wattage generated in a 
nickel chromium resistor in terms of the voltage, or 
current, and the physical properties and dimensions 
of the piece. 

Extensions of the theory are now in order. There 
are several types of resistor cross-sections in fairly 
general use today. Of these, the most susceptible of 
mathematical treatment are the round rod and fiat 
ribbon. It will be interesting to consider these shapes 
in parallel columns. No effort will be made to point 
out or explain the superiority of one over the other; 
for, so far as can .be determined experimentally, or 
theoretically, the differences are more hypothetical 
than actual. Rather will an effort be made to assist 
the engineer who employs either type in his work to 
do so intelligently, in the light of fundamental facts. 

There is no difficulty in appl 3 dng the laws to other 
shapes. The Equations already derived, (4), (6), and 
(8), are perfectly general. The geometrical simplicity 
of the rectangular and circular cross section recommends 
them for this elementary discussion. 

The cross-sectional areas in the two cases will be: 

Round Rod FlcU Ribbon 


A = TT(10a) A — ah (10b) 

where D is the diameter of where a is the width of the 
the rod in in. ribbon in in., and 

h is the thickness of 
the ribbon in in. 

Putting these values in Equations (6) and (7), one 
obtains for: 

Round Rod Flat Ribbon 


El = 


4tmpPL 


ttD^ 

or, for nickel chromium, 

„ , 0.0000521 mPL 

^ — 


(lla) El = 


P m p L 
a b 


(11b) 


El = 


0.00004091 mPL 
ah 


A 


(5) 


(12a) 


(12b) 
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And if these values be substituted in (8) and (9), the 
following result: 



Round Rod 


El ^ 

TT 


. Y (13a) 

4:m p L ^ ^ 

El = 

El = 

191% 


mL 

El = 


FUbt Ribbon 


E^ab 
m pL 


(13b) 


24444 a b 
mh 


(14a) (14b) 

There are no exceptions to these rules, which show 
exactly how heat is generated in these two shapes. 
They are fundamental. 

Having determined the manner in which the heat is 
developed, we may next examine the means whereby it 
can leave the element^ for it is of no value to do useful 
work unless it reaches the material to be heated. 
The only way in which heat can leave the unit is 
through the peripheral surface. The density with 
which it passes through ,—%. e,, the wattage radiated 
or lost by any means from the periphery per square 
inch, in the terms already used,—^will determine pre¬ 
cisely the temperature to which the resistor will rise 
above its surroundings. 

^ The wattage per sq. in. can be related to the physical 
dimensions of the heating unit itself. If the peripheral 
■ surface of the resistor be denoted by S, 

Round Rod Flat Ribbon 


S = tDL (ISa) S = 2(a + h) L (15b) 

The wattage per sq. in. of surface will, then, be EI/S. 
For convenience, set 

G = FJ/5 (16) 

Then, using this value, and, for 

Round Rod Flat Ribbon 


dividing (11a) and (12a) 
by (15a), 


4P pm 


(17a) 


dividing (11b) and (12b) 
by (15b), 

n p m 

2 0 6 (a + 6) 


^ ^ 0.00001658 P m ^ 0.00002045 m 

ab (a+ b) 

( 18 a) (Igb) 

And, in a similar manner, 

dividing (13a) and (14a) dividing (13 b) and (14b') 
l>y(15a), by ( 15 b), 


E^D 

(19a) 

^ E^ab 

4km pi? 

2 mpi? {a-\-b) 

6111 E^D 

(20a) 

^ 12222 E^ab 

mD 

~ mD {a + b) 


These equations go stiU further and give the num¬ 
ber of watts per sq. in. which it is possible to lose from 


the given shapes of resistors, in terms of their physical 
dimensions, and either the voltage applied to them, or 
the current flowing in them. They are extremely use¬ 
ful in design work. 

Several simple transformations suggest themselves. 
One is often interested in the current density in the 
conductor. The density 

Q = I/A (21) 

whence, for 


Round Rod 

Flat Ribbon 


«- (22a) 


(22b) 

and, 



I = Q (23a) 

I — Qab 

(23b) 

Substituting this value in 
(17a) and (18a) 

(17b) and (18b) 


G- ^ Q^pDm (24a.) 

Q^m pab 

2 (a + b) 

(24b) 

G = 0.000010225 D m 

^ 0.00002045 m ab 

(jT — -—7- 

-f- 6 


(25a) (25b) 

In short, the wattage per sq. in. of the surface varies 
with the square of the current density, for any given 
cross-section. 

The voltage p^ unit length may also be of impor¬ 
tance, in its relation to the wattage per sq. in. of surface. 
This appears very easily from Equation (19). Setting 
F equal to the voltage per in. of length, and F' equal 
to the voltage per ft. of length, 

F = E/L (26) 


and 



(27) 


Since E^D appears in both Equations (19) and (201 
the substitution will yield, * 

Round Rod Flat Ribbon 


F^D 

G^-j - 

4pm 

(28a) 

^ 6111F2 D 

G —--- 

m 

(29a) 

Or, from (27), 


F'^D 

576 pm 

(30a) 

^ 42.43 D F'2 

m 

(31a) 


F^ab 

(28b) 

2 m p (a -j- 6) 

12222 a bF^ 

(29b) 

m (a-\-b) 

F'^ab 

(30b) 

288 m p(a-{-b) 

84.86 a b F'^ 

(31b) 

m (a -{-b) 
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Stefan-Boltzman Law 

The Stefan-Boltzman equation is an hypothesis 
guessed at by Stefan^ in 1879 as a result of one of 
Tyndairs experiments, and conclusively proved by 
Boltzman® mathematically in 1884, being substantiated 
by many subsequent investigations. It states that the 
total radiation from a body is proportional to the fourth 
power of its absolute temperature: 

R = KT* (32) 

where 

R is the total radiation per unit of surface in funda¬ 
mental luiits; 

T is the absolute temperature on the Kelvin scale; and 
K is the constant of proportionality. 


the Smithsonian Physical Tables, This value has been 
used throughout the present paper. 

For any combination of temperatures, naing nickel 
chromium resistors. 


r/Ti + 469.4\‘ 

/T. + 459.4\‘l 


L\ 1000 / 

V 1000 / J 

(34) 


This equation expresses the total possible exchange of 
radiation between resistor and charge, under the tem¬ 
perature conditions stated, with the heated body run¬ 
ning unmuffled in the furnace chamber, and takes into 
account the emissivity of the heater material, which is 
slightly less than that of a black body. 

Frequently, however, the full effect of the radiating 


TABLE I 


Authority 

Value given 

Units 

K' »= value in watts/ 
sq.in./deg. fahr.^ X10“ 

Smithsonian Physical Tables . 

5.72 X 10-“ 

0.1618 X 10-« 

1 a V 


3.521 

Goodenough’’. 

wcivts/cm /Qeg. cenu.' 

B. t. u./sq. ft./deg. fahr.*/lir. 

B3mball«. 

3.293 

Standard Bandbook lor JSlectrical Engineer^ .tit- 

A • O Aw 

6.7 X 10-“ 

6.32 X 10-“ 

1700 X 10-“ 

g. cai./cm^/aeg. cent./sec. 
Wat1)s/cm®/deg. cent.^ 

3.335 

3.506 

Eurlbaum^. 

Woodson®. 

watbs/dn /(leg. cent.^ 

B. t. u./sq. f6./deg. fahr.Vbr. 

3.264 

3.459 


The equation is not very useful in this form, since 
the total radiation is scarcely ever of much import. 
Rather is the exchange of heat between hot and cold 
bodies, or between resistor and charge, in the furnace 
chamber, of interest. R may, therefore, be expressed 
in watts per sq. in. of radiating surface, and 


G = K'e 


[( 


Ti + 45 9.4 
1000 


V 

)-( 


To -f- 45 9.4 
1000 


% 

)] 


(33) 


wherein 

K' is the constant of proportionality; 

e is the relative emissivity of the radiating material. 
For black bodies, e — 1.00; for nickel chromuim, 
e = 0.9; 

Ti is the temp«'ature of the resistor in deg. fahr.; and 
To is the temp^ature of the furnace chamber in deg. 
fahr. 

The values of K' are variously given by present-day 
authorities. The divergence of the figimes is indicated 
by those cited in Table I. An extensive study of all 
available data on this constant has been made by the 
Bureau of Standards.® The best agreement seems to 
be upon the figure given by Coblentz,^ and included in 


1. Siizungsherichte der Koniglichen Oesellschaft der Wissen^ 
schaften zu Wien, Band LXXIX, p. 391,1879. 

2. Annalen der Physik, Band XXII, pp. 31 and 291, 1884. 
This proof is given in English in simple form in Theory of Heat, 
by Thomas Preston, 3rd Ed., p. 566. It is based upon thermo¬ 
dynamics and the electromagnetic theory of hght. Since its 
appearance, the so-eaUed Wein-Planck law has appeared (Vorles- 
ungen Hher Warmestralung, partially reprinted in JSncyklopddie 
der Mathematischen Wissenschaften, Band V-3, Heft 2,1909) and 
the Stefan Law is also dedueible with relative simplicity from 
this equation, which gives the distribution of radiation in the 
spectrum by relating it to wavelength, and absolute temperature. 


periphery is not obtained. Proximity of walls or 
charge, or adjacent strands of the element exercise a 
blanketing effect, which reduces the liberation of heat 
at any given temperature.^® Where the efficiency of 
radiation is less than 100 per cent, under^uch conditions 
as those described by Keene and Luke, Fig. 2 defines 
the limiting allowable conditions for design of nickel 
chromium units. It is based upon a maximum allow¬ 
able element temperature of 2100 deg. fahr. To insure 
long life of the heaters, their rating must fall below the 
curve which represents the condition of size, spacing, 
and radiating efficiency (C) undo* consideration. 

The curves of Fig. 2 apply only to the heat lost by 
radiation; but that they may be safely employed to 
indicate the permissible total losses from the element 
is shown by the dotted curve, which gives the loss of 
heat from a body at 2100 deg. fahr. by both radiation 
and convection. Rice^^ has shown that the convection 

3. U. S. Department of Commeree, Btireau of Standards, 
Scientiflo Paper No. 406, entitled Present Status of the Constants 
and Verification of the Laws of Thermal Radiation of a Uniformly 
Heated Inclosure, by W. W. Coblentz, December 20,1920. 

4. Proceedings of the Naiioio,al Academy of Science, Vol. 3, 
p. 604, 1917. 

5. Mechanical Engineers' Handbook, 2nd Ed., p. 317. 

6. College Physics, 2nd Ed., p. 317. 

7. Fifth, edition, p. 204. 

8. Quoted in Preston, Theory of Heat, 3rd Ed., p. 564. 
Later work (1912) gives a value of K' of 3.335. • See note 6. 

9. A. I. E. E. Journal, December, 1925, p. 1354. 

10. A discussion of the relative efficiency of several arrange¬ 
ments of heating units may be found in Rating of Heating Ele¬ 
ments for Electric Furnaces, by A. D. Keene and G. E. Luke, 
A. I. E. E. Transactions, Vol. XLV, 1926, p. 476. 

11. A. I. E. E. Transactions, Part I, Vol. XLII, 1923, p. 
653; Part II, Vol. XLIII, 1924, p. 131, 










1200 


FLEISCHMANN: ELECTRIC HEATING ELEMENTS 


Transactions A. T. E. E. 


loss in still air is 

G'= K" (Ti-ToY'* (35) 

where Ti and To are the temperatures of the resistor 
and chamber respectively, in deg. fahr. An average 
value of K" for nickel chromium may be taken from 
those determined by Keene and Luke to be approxi¬ 
mately 0.0010795, although this evidently varies 
widely for different shapes of resistor. 

The total losses, upon which the dotted curve of 
Fig. 2 is based, would then be the sum of Equations 
(34) and (35): 


D = 0.0255 


P m 


Oi h (Ot h) 


P m 

(39a) = 0.00002045 "tt" (39b) 

Cro 


Similarly, from (19) and ( 20 ) 

Round Rod Flat Ribbon 


+ 0.0010795 (Ti - To)5/4 (36) 

It will be seen that when the limitiTig curves given 
embody radiation only, a small factor of safety is 
obtained. They may, therefore, be used with confidence. 


^ 4 m p Go L2 

D = B 72 (40a) 


0.0001637 m Go 


ab 2m pD Go 
a-\-b ^ E‘^ 


(40b) 


(41a) 


a b 

a + 6 

_ 0-0QQ0818 m D Go 
~ E^ 



Prom (24) and (25) 
Round Rod 


(41b) 


D = 


D = 


m p 

97,800 Go 
Q^m 


(42a) 


Flat Ribbon 

ab _ 2 Go 
a -\r b ^ Q- m p 


(42b) 


\ 48,890 Go 


Equations (28) to (31) inclusive give 

Round Rod Flat Ribbon 


CLEMENT IN WATTS 

PER SQUAS2E INCH OF PCRIPflEPAL SURFACE (O) 


Fig. 2—Thbobbtical Radiation from Nickfl-Chromium 
Resistor Operating at 2100 Dbg. Fahr. 

Combinations op the Two Laws 
It is at once evident that in designing resistors, both 
of the laws must be heeded; and some very useful 
relationships can be adduced, by substituting the values 
of G found in Equations (17), (18), (19), ( 20 ), (24) 
(25), (28), (29), (30), and (31) in Equation ( 34 ). For 
this purpose, set = 2100 deg. fahr., in Equation 
(34), and write 

G. - 3.169 C[ 42.86( 37 ) 

in which G is. the radiating efficiency already defined 
as shown in Fig. 2 . Then from (17) and (18), 

Round Rod Flat Ribbon 


D = 


D = 


P Gq ^ ■ ab 2 m p Go 

F 2 (44a) a H- 6 F^ (44b) 

0.0001637 m Go ab 0.0000818 w Go 

a -f 6 ~ F’^ ' 

(45a) ( 45 b) 

576 m p Go " ab 288 m p Go 

F'^ TTb -- 

(45a) (46b) 

0.02358 m Go ab 0.01179 m Go 

F '2 a -|- 6 ” F'^ 


0.7401 „6(„ + J)=0.6^ 


Go 

(38a) 


(47a) (47b) 

values of Go for any temperature and radiating 
(37) efficiency may be taken directly from Pig. 2 . To 
xi j facilitate calculations involving fiat ribbon. Table II 
lefined, may be used. It gives values of a, 6 , ab, a b 

a b (a j- b), and a b/(a + 6 ) for a number of standard 
sizes of nbbon. 

For any given temperature, the equations may be 

P m still further simplified. For example, most heat- 

^eating furnaces are designed for operation at 1850 

f • 1 conditions. Equations (38) 

(38b; to (47), inclusive, become. 
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Round Rod 


Flat Ribbon 


D - 0.00713 




P m 
C 

(48a) 


D = 


0.007486 mL^C 




(49a) 


D = 4,473,000 


Q^m 


(50a) 


ab (a b) 

P in 

= 0.0000004472 

(481 
a h 

(a + b) 

m C 

= 0.003742 

ah C 

(a+b) =2,236,500 ^ 


m 

(50b) 



Fig. 3—Theobetical Design Cubveb for Nickbl- 
Chromittm Rod Heating Elements in Eleotrio Pubnacbs 
Operating at 1850 Dbg. Fahb. 


D 


D 


0.007485 m C 
2^2 


(51a) 


1.078 m C 


(52a) 


ab m C 

= 0-003742 -^ 

(Sib) 

a b 0.539 m C 
(a + 6) F'2 


(52b) 

For any value of C, these relationships provide com¬ 
plete design data. In the case of the round rod, they 
may be plotted. Fig. 3 shows Equations (48a), (50a), 
and (51a). The flat ribbon calculations are readily 


made with the aid of Table II, the range of sizes making 
it impractical and inaccurate to plot them. 


TABLE n 


•Width 

In 

inches 

a 

Thiclcness 
in inches 
b 

B & S 
gage 
mimber 

Oross- 
sectional 
area in 
square 
inches 
a b 

Seml- 
perlmetei 
in inches 
a +b 

a b{a + b) 

a h 

a b 


0.0640 

14 

0.00400 

0,127 

0.000506 

0,0316 


0.0510 

16 

0.00319 

0,114 

0.000362 

0.0281 


0.0400 

18 

0.00250 

0,103 

0.000256 

0.0244 


0.0320 

20 

0.00200 

0.0945 

0.000189 

0.0212 


0.0253 

22 

0.00158 

0.0878 

0.000139 

0.0180 


0.0201 

24 

0.00126 

0.0826 

0.000104 

0.0152 

1 

0.0159 

26 

0.000904 

0,0784 

0.0000779 

0.0127 

16 

0.0126 

28 

0.000788 

0.0761 

0.0000591 

0.0105 


0.0100 

30 

0.000675 

0.0726 

0.0000453 

0.00862 


0.0080 

32 

0.000500 

0.0705 

0.0000353 

0.00709 


0.0063 

34 

0.000394 

0.0688 

0.0000271 

0.00572 


0.0050 

36 

0.000313 

0.0675 

0.0000211 

0.00463 


0.0040 

38 

0.000250 

0.0665 

0.0000166 

0.00376 


0.0030 

40 

0.000188 

0.0655 

0.0000123 

0.00286 


CL0640 

14 

0.00800 

0.189 

0.00151 

0.0423 


OTOSIO 

16 

0.00638 

0.176 

0.00112 

0.0362 


0.0400 

18 

0.00500 

0.165 

0.000825 

0.0303 


0.0320 

20 

0.00400 

0.167 

0.000628 

0.0255 


0.0253 

22 

0.00316 

0.150 

0.000475 

0.0210 


0.0201 

24 

0.00261 

0.145 

0.000365 

0.0173 

1 

0.0169 

26 

0.00199 

0.141 

0.000280 

0.0141 

8 

0.0126 

28 

0.00158 

0.133 

0.000217 

0.0114 


0.0100 

30 

0.00125 

0.135 

0.000169 

0.00926 


0.0080 

32 

0.00100 

0.133 - 

0.000133 

0.00752 


0.0063 

34 

0.000788 

0.131 

0.000103 

0.00600 


0.0060 

36 

0.000025 

0.130 

0.0000813 

0.00481 


0.0040 

38 

0.000600 

0.129 

0.0000645 

0.00388 


0.0030 

40 

0.000375 

0.128 

0.0000480 

0.00203 


0.0640 

14 

0.0160 

0,314 

0.00502 

0.0510 


0.0510 

16 

0.0128 

0,301 

0.00384 

0.0424 


0.0400 

18 

0.0100 

0,290 

0.00290 

0.0345 


0.0320 

20 

0.00800 

0.282 

0.00226 

0.0284 


0.0263 

22 

0.00633 

0.275 

0.00174 

0.0230 


0.0201 

24 

0.00503 

0.270 

0.00136 

0.0186 

_1 

0.0169 

26 

0.00398 

0.206 

0.00106 

0.0140 

4 

0.0126 

28 

0.00315 

0.263 

0.000827 

0.0120 


0.0100 

30 

0.00250 

0.260 

0.000650 

0.00962 


0.0080 

32 

0.00200 

0.258 

0,000616 

0.00776 


0.0063 

34 

0.00158 

0.256 

0.000404 

0.00616 


0.0060 

36 

0.00125 

0.255 

0.000319 

0.00400 


0.0040 

38 

0.00100 

0.254 

0.000254 

0.00304 


0.0030 

40 

0.000750 

0.253 

0.000190 

0.00206 


0.0640 

14 

0.0320 

0.564 

0.0180 

0,0567 


0.0510 

10 

0.0266 

0.5.61 

0.0141 

0.0463 


0.0400 

18 

0.0200 

0,640 

0.0108 

0.0370 


0.0320 

20 

0.0160 

0.532 

0.00861 

0.0301 


0.0263 

22 

0.0127 

0.525 

0.00665 

0.0241 


0.0201 

24 

0.0101 

0.520 

0.00523 

0.0193 

J. 

0.0159 

26 

0.00796 

0.616 

0.00410 

0.0154 

2 

0.0126 

28 

0.00630 

0.613 

0.00323 

0.0123 


0.0100 

30 

0.00600 

0.510 

0.00265 

0.00980 


0.0080 

32 

0.00400 

0.508 

0.00203 

0.00787 


0.0063 

34 

0.00315 

0.506 

0.00169 

0.00622 


0.0060 

36 

0.00250 

0.505 

0.00126 

0.00405 


0.0040 

38 

0.00200 

0.504 

0.00101 

0.00307 


0.0030 

40 

0.00150 

0.503 

0.000755 

0.00298 


0.0640 

14 

0.0480 

0.814 

0.0391 

0.0500 


0.0610 

16 

0.0383 

0.801 

0.0306 

0.0478 


0.0400 

18 

0.0300 

0.790 

0.0237 

0.0380 


0.0320 

20 

0.0240 

0,782 

0.0188 

0.0307 


0.0253 

22 

0.0190 

0.775 

0.0147 

0.0245 


0.0201 

24 

0.0151 

0.770 

0.0116 

0.0196 

3^ 

0.0159 

26 

0.0119 

0.766 

0.00913 

0.0156 

4 

0.0126 

28 

0.00945 

0.763 

0.00721 

0.0124 


0.0100 

30 

0.00750 

0.760 

0,00570 

0.00987 


0.0080 

32 

0.00600 

0.768 

0.00455 

0.00792 


0.0063 

34 

0.00473 

0.766 

0.00357 

0.00625 


0.0050 

36 

0.00375 

0,765 

0.00283 < 

0.00497 


0.0040 

38 

0.00300 

0.764 

0.00226 1 

0.00308 


0.0030 

40 

0.00225 

0.763 

0.00169 I 

0.00209 




1202 


FLEISCHMANN: ELECTRIC HEATING ELEMENTS 


Transactions A. I. E. E. 


TABLE II —Continued 


Width 

in 

inches 

a 

Thickness 
in inches 
b 

B ScB 
gage 
number 

Oross- 
sectional 
area in 
square 
inches 
ab 

Semi- 
perimeter 
in Inches 
a +b 

a b(a + b) 

ab 

a + b 


0.0640 

14 

0.0640 

1.0640 

0.0681 

0.0602 


0.0510 

16 

0.0510 

1.0510 

0.0636 

0.0485 


0.0400 

18 

0.0400 

1.0400 

0.0416 

0.0385 


0.0320 

20 

0.0320 

1.0320 

0.0330 

0.0310 


0.0253 

22 

0.0253 ' 

1.0253 

0.0269 

0.0247 


0.0201 

24 

0.0201 

1.0201 

0.0205 

0,0197 


0.0159 

26 

0.0159 

1.0159 

0.0162 

0.0157 

1 

0.0126 

28 

0.0126 

1.0126 

0.0128 

0.0124 


0.0100 

30 

0.0100 

1.0100 

0.0101 

0.00990 


0.0080 

32 

0.0080 

1.0080 

0.00806 

0.00794 


0.0063 

34 

0.0063 

1.0063 

0.00634 

0.00626 


0.0050 

36 

0.0050 

1.0050 

0.00503 

0.00498 


0.0040 

38 

0.0040 

1.0040 

0.00402 

0.00398 


0.0030 

40 

0.0030 

1.0030 

0.00301 

0.00299 

1 

0.2500 


0.313 

1.5000 

0.469 

0.208 

1 4 

0.1875 


0.234 

1.4375 

0.337 

0.163 


0.1260 


0.156 

1.3760 

0.215 

0.114 


0.1000 


0.150 

1.600 

0.240 

0.0938 


0.0800 


0.120 

1.580 

0.190 ^ 

0.0769 


0.0700 

.« 

0.105 

1.570 

0,165 

0.0669 

1 

0.0600 


0.0900 

1.560 

0.140 

0.0577 


0.0500 


0.0760 

1.550 

0.116 

0.0484 


0.0400 


0.0600 

1.540 

0.0924 

0.0390 


0.0300 


0.0450 

1.530 

0.0689 

0.0294 


0.0200 


0.0300 

1.520 

0.0456 

0.0197 


0.2500 


0.600 

2.2500 

1.125 

0.222 

2 

0.1875 


0.875 

2.1876 

0.820 

0.171 


0.1250 


0.250 

2.1250 

0.531 

0.118 


The equations derived are rigorous in every respect, 
requiring judgment only in the selection of C, which 
has already been discussed. They are the maximum 
allowable ratings in each case and cannot be exceeded. 
Good practise indicates that it is best to allow con¬ 
siderable latitude for safety. 

Empirical Relationships 
The equations just derived, and the curves of Figs. 
2 and 3, define limiting conditions, which the laws of 
Nature impose upon industrial heating design. It is 
to be feared that, in the past, a lack of understanding 
of these fundamentals has led to a rather haphazard 
procedure. Guided only by experience and data 
gathered in the field, the designer has made little or no 
effort to correlate these with the physical laws. 

Strangely enough, however, one empirical relation¬ 
ship which still forms the basis of much design work, 
approaches remarkably close to the limitations set up 
by the theory. Yet, when it was first used, no work 
had been done on the screening effect of nearby objects; 
it was used because, in almost every case, it gave 
elements with long life. It is interesting to see why. 
The straight line, 

^ 2100 - To 

^ -80~ (53) 

is shown in Fig. 4 (Curve B), in its relation to curve A,— 
60 per cent radiating efficiency replotted from Fig. 2. 
It is evident that the line gives an extremely conserva¬ 


tive rating, especially at moderate temperatures, even 
under such conditions as double banking or close spac¬ 
ing of units. It is interesting to look at curve C in 
Fig. 4, which is plotted from that given by Woodson® 
for the design of heating elements outside the vessels 
of metal melting pots. Although the curve does not 
conform to the Stefan-Boltzman law, at any radiating 
efficiency, it is an effort to express the resulte of experi¬ 
ence in this very arduous type of service. The use of 
such a rating ought to be confined to work where 
coiled wire is employed in confined spaces. Certainly 
Equation (53) provides ample allowances for all ordi¬ 
nary purposes, where the element is free to radiate. 

It is interesting to see how the expressions derived 
for proportioning resistors work but, when substituted 
in Equation (53). This may be written 



Fia. 4—CoMPAKisoN OP Thbobbtioaii with Othbr Radia¬ 
tion Ctjhvbs por Nicabl-Chromtum Hbating Elbmbnt 
TbMPBRATTTRB OP2100DBa.pAHB 

To = 2100- 30 G (54) 

Substituting for G its value from (17) and (18), 

Round Rod Flat Ribbon 


To = 2100 - 


1201® pm 


To = 2100 - 


151® p m 
a b (a “f" 6) 


To = 2100 


(55a) 

To = 2100 


(55b) 


- 0.0004974 - 0.0006136 

a b(a-\-b) 

(56a) (56b) 

Likewise, from Equations (19) and (20), 
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Round Rod 


Flat Ribbon 


E^D 

To = 2100-7.5-r. 

m p I? 

(57a) 

To = 2100 

E^D 

- 183,330 -fT- (58a) 

* ml? ^ ’ 


To=2100-15 


E^ab 


mpI?(a-{-b) 

(57b) 


To = 2100 


-36,660 


E^ab 


m I?(a-^b) 


(58b) 


Using Equations (24) and (25) in (53), for 


Round Rod 


Flat Ribbon 


To =2100-7.5 


To 


= 2100-15 


Q^m p ab 
{a + b) 


(59a) 

To = 2100 

- 0.00030675 Dm 

(60a) 


To = 2100 


(59b) 


- 0.0006135 


Q^mab 
(a + b) 


(60b) 

And from Equations (28), (29), (30), and (31),respec¬ 
tively, for 

Round Rod Flat Ribbon 


F^D 

To = 2100 - 7.5- 

pm 

(61a) 

To = 2100 

F^D 

- 183,330 - (62a) 


To = 2100 - 15 


F^ab 
m p (a+b) 

(61b) 


To = 2100 

F^ a b ^ , 

- 366,660 , - -T r (62b) 

' m (a + b) ^ ' 


F'^ab 

T0=2100-gg^^^^_j_j^ 

(63b) 

To = 2100 

F'^ a b 

- 2546.4-T-TTT (64b) 

m (a+b) ^ ' 

These relationships give ready means of proportion¬ 
ing heating elements safely for any furnace operating 
temperature, directly from their physical dimensions 
and the electrical characteristics of the furnace circuit. 
As before, the simplification may be carried one step 
further. At a maximum temperature of 1850 deg. fahr., 
with To equal to 1850 deg., a very simple set of results 
appears: 

Round Rod Flat Ribbon 


D = 0.01257 VPm ab(a+ b) 

(65a) = 0.000002455 P m (65b) 


To = 2100 - 


To = 2100 


F'^D 
19.2 p m 

(63a) 


F'^D 

- 1272.9 - (64a) 

m ^ ^ 


D 

D 

D 

D 


^ ml? 
0.001363 

814,900 
Q2 m 


0.001363 


m 


0.1964 


m 


(66a) 

(67a) 

(68a) 

(69a) 


ab 

(a+b) 


ml? 

= 0.0006813 


ab 

(tt+b) 


407,400 

Q^m 


(66b) 

(67b) 


ab 

(a + b) 


ab 

(a + &) 


0.0006813 

(68b) 

m 

0.09818 


(69b) 

To aid in using these equations, some of them, 
(Nos. (65a), (67a), and (68a)) are plotted in Fig. 5. 
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Fig. 5—^Design Ctjeves for Nickdii-Chbomitjm Rod 
Heating Elements in Electric Fiirnacbs Operating at 
I860 Deg. Fahr. (Based on Curve B, Fig. 4) 

If the designer is interested in more accurate design, 
he may use the theoretical curves. Fig. 3, instead of 
the empirical ones just discussed. He must then apply 
his own factors of safety, a matter which requires 
consid^able experience. 

It should be observed that all of the equations in 
which the expression p appears are perfectly general, 
applying to both metallic and non-metallic resistors, 
provided the proper value of m is taken for the tem¬ 
perature of operation. 

Numerical Example 

It may be of interest to carry through the design 
of a heating element by the two methods, to see what 
difference is obtained. 
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For example, assume that it is desired to design the 
heating elements for a 20-kw. furnace, to operate on 
220 volts, single-phase with maximum operating tem¬ 
perature of 1860 deg. fahr. and C = 0.5. 

The current required will be 

20,000 

—— = 90.9 amperes. 


From the curves. Fig. 3, it is evident that 90.9 
amperes is permissible in a diameter of 0.185, to which 
No. 4 B & S gage is the nearest standard size. Directly 
beneath, the voltage per in. of length is 0.1459, and 
the required length is, therefore, 

220 

= 1508 in., or 125.6 ft. 


If the ribbon is to be used, the value oi a b {a-\-b) 
from Equation (48b) is 


ab(a-\~b) = 


0.0000004472 X (90.9)^ X 1.05 
0.5 


0.00776 


In Table II, various values of a 6 (a -|- &) are given. 
The nearest size to this value is 1 in. X 0.008 in. 

Corresponding to 1 in. X 0.008 in., the value of 
ab/(a -f b) is 0.00794 so that, from Equation (51b), 
we have 


The total length then is = 1603 in., or 133.6 ft. 

Another size approaches fairly closely in the table. 
This is 1 in. X 0.0253, for which ab/(a + b).= 0.0247 
and F = 0.1702; whence the required length is 1292 in. 
or 107.95 ft. 

The designer may choose whichever of the elements 
best suits the space available in the furnace and the 
manner of mounting. The theoretical values are as 
follows: 

Round Rod Flat Ribbon 


125.6 ft. of No. 4 wire 36.86 ft. of 1-in. X 0.008- 

in. ribbon 

51.65 ft. of ^-in.X 0.0159- 
in. ribbon 

71.77 ft. of J^-in. X 0.032- 
in. ribbon 

Conservative practise dictates that the empirical 
values provide some factor of safety; and, although 
they involve the use of more metal, they mean lower 
ratings, decreased element temperatures, greater me¬ 
chanical strength, and longer life. They are: 

Round Rod Flat Ribbon 


F^ = 


0.003742 X 1.05 X 0.5 
0.00794 


F = 0.4972 volts per inch, 
and the length 


220 

^ ” 0.4972 


442.3 in. or 36.86 ft. 


Two other sizes come near the desired value of 
a 6 (a + 5). These are ^ in. x 0.0159 in., of which 
619.9 in., or 51.65 ft. would be needed; and in. 
X 0.032 in., which would have to be 861.1 in., or 71.77 
ft. long. 

Using the curve for J, Fig. 5, it is seen that 90.9 
amperes is the allowable current flow in a diameter 
of 0.258, which is No. 2, B & S gage. The voltage per 
in. of length may now be found, on the F curve. The 
value is 0.0744 volts per in. Hence, the length required 
is 220/0.0744 = 2956 in. or 246.35 ft. 

In the case of ribbon, the value of a b (a b) can 
be obtained from Equation (65b). 

a b(a + 6) = 0.000002455 X (90.9)^ x 1.05 = 0.0213 

In Table II, the nearest size to this value would 
be in. X 0.04 in. ribbon. For this, the value of 
a b/{a -f- 5) = 0.0380. 

Using Equation (68b), we have 


0.0380 


0.0006813 X 1.05 

pi 


F = 0.1372 volts per in. 


246.35 ft. of No. 2 wire 107.95 ft. of 1-in. X 0.0253- 

in. ribbon 

133.6 ft. of ^-in. X 0.04- 
in. ribbon. 

Conclusion 

The derivation of fundamental equations for use in 
the design of electric heating elements has shown what 
are the physical limitations of the problem. As a 
sequel thereto, it has been found that one of the earliest 
rules-of-thumb gives good factors of safety at all 
electric furnace temperatures. The use of this relation¬ 
ship is to be commended, in the interest of conservatism, 
bearing in mind that the best design still relies upon the 
scanty information available about the material of 
which the heating elements are constructed. 


Discussion 

J. Ormondroyd: (comnmnicated after adjournment) 
Footnote No. 2, p. 1199 in common with aU publications on this 
subject that I have seen, assumes that it is so easy to show the 
compatibility between the Stefan-Boltzman Law and Planck’s 
Law, that the actual work is never given. It is easy to derive 
the older law from the newer one but most readers feel uncom¬ 
fortable when they let the mere claim of ease pass for a detailed 
proof. My comment merely consists of this detailed proof as 
follows: 

Planck’s equation giving energy intensity for every wavelength 

r 1- 

^2 — Cl X-* L e — Ij watts per sq. cm. (1) 

where x wave length in ^ 

®bs. temp, centigrade 



October 1929 


FLEISCHMANN: ELECTRIC HEATINO ELEMENTS 


1205 


This can be expanded into a series by means of the Binomial 
Theorem. 

« *00 


U\ = 


'■2 


« *1 


x-« e 


n C 2 
\T 


watts per sq. cm. 


The total radiation over the whole spectrum is 

9 ^ as 00 00 n 

u ~ 


"”‘2 

« =1 

Integrating by parts 


\T 


d X watts per sq. cm. 


00 

n C 2 

n C 2 

r x-®e 

XT , 

d X = 

XT 1 

J 

0 


L 


3 . 6 T* . 6 

+ ^ ~7~r •+■ ^ ~i—~ + , 

C 2 ® n 


T* ~[ 

ca* J 


n ca 

ICO 


6 T* 
n* Ca* 


( 2 ) 


(3) 


(4) 


When the limit x = 0 is substituted in (4), the indeterminate 

— L 

form e x~® = 0 . oo appears. This can be shown to be equal 
to zero. 


Prom (3) and (4) the total radiation is 


n«=oo nsBOo 



« =»1 


Cl = 3.7 X 10* for u in watts per sq. cm. 

Ca = 14325 for x in 

Therefore 

6 Cl TT* 

-— T* = 5.72 X 10-** T* watts persq. cm. 

C2* 90 


(5) 

( 6 ) 

(7) 

( 8 ) 

( 9 ) 


The value of the Stefan-Boltzman Constant given in the 
Smithsonian Tables is 5.71 X 10-**. 

Edwin Fleischmann: Mr. Ormondroyd’s derivation of the 
Stefan-Boltzman Law from Planck’s. Equation serves as a 
valuable supplement, completing the fundamental background of 
the dei’ivations given in the paper. It explains and substanti¬ 
ates the reference and statement of footnote 2. 



Safe Loading of Oil-Immersed Transformers 

E. T. NORRIS^ 

Member, A. I. E. E. 

Synopsis^ — A.n attempt is made to describe simply and dearly A description is given of an instrument for indicating the safe 
the basis of the temperature rating of oilrimmersed transformers and outptU rating of a transformer in service under any conditions of 
the relations between the temperatures measured in service, the short time or continuous loading, 
maximum safe output rating, and the national standard ratings. 


List op Symbols 

A = Temperature of cooling medium—^usually air or 
water. 

D = Maximum variation in temperature of the cir¬ 
culating oil. 

G - Maximum winding temperature difference. 

Ga = Average winding temperature difference. 

H = Hottest spot temperature. 
h ^ H-A. 

K = Constant. 

N = Ratio copper to iron loss at full load. 

P « Load on transformer as a fraction of full load. 

P = Average temperature of the winding by 
resistance, 
r = P — A. 

T = Hottest oil temperature. 
t « T-A. 

As the load current in an oil-immersed transformer 
is increased, its temperature rises due to the increase in 
losses. One limit to the load which may be taken from 
a transformer is, therefore, set by the maximum 
temperature permissible. 

Basis op Output Rating 

The material most susceptible to damage by heat in 
a transformer is the insulation. The fundamental 
basis of the rating of the transformer is, therefore, the 
maximum temperature the insulation will safely with¬ 
stand. The temperature of the hottest part of the 
instilation of the transformer (or the hottest spot 
temperature H) must never be allowed to exceed this 
safe limit. 

The limit applies, of course, to the insulation both in 
the core and in the windings. Since, however, the 
core losses are practically constant for all loads, whereas 
the copper or winding losses increase rapidly with the 
load, it is the winding insulation which is most affected 
by the loading, and its hottest spot temperature which 
determines the safe maximum load. 

If it were possible to measure the hottest spot tem¬ 
perature while the transformer was in operation, it 
would be a simple matter to determine the maximum 
safe rating and to ensure that it was not exceeded. 
Unfortunately, except in a few special instances, there 
are no known practical means of measuring this tem¬ 
perature directly. 

1. CMef designer, Ferranti, Ltd., London, England. 

Presented at the Summer Convention of the A. 1. E. E., Swamp- 
scott, Mass., June 24-^8,1929, 


As a rule, it is not possible to employ thermocouples 
or other forms of embedded temperature detector in 
such a way as not to weaken the transformer insulation 
and yet to record accurately the true hottest spot 
temperature, and to be safe in operation. This position 
has recently been confirmed by a meeting of the Inter¬ 
national Electrotechnical Commission. 

The most useful practical temperature measurements 
are: 

a. The temperature of the hottest oil by thermom¬ 
eter = jT. 

This temperature is easily measured and a continu¬ 
ous record can be obtained whilst the transformer is in 
service. It does not, however, follow closely short time 
load variations. 

b. The average temperature R of the windings cal¬ 
culated from the resistance. 

This measurement is mainly suitable under testing 
conditions. It is necessary to disconnect the trans¬ 
former in order to measure theresistance, so thatreadings 
cannot be obtained during operation. The tempera¬ 
ture measured is the average tanperature of the whole 
winding. 

To determine the maximum safe rating of a trans¬ 
former from these two temperatures, it is necessary to 
know the relations between these temperatures and the 
hottest spot temperature. 

Standard Output Ratings 

It is important to distinguish between the true ther¬ 
mal rating of a transformer and its rating in accordance 
with a standard specification. 

The true thermal rating is determined by the maxi¬ 
mum safe hottest spot temperature. It is not a con¬ 
stant for a given transformer, but may have any value 
depending on the conditions of loading and cooling. 

The primary purpose of a national standard specifi¬ 
cation is to provide a basis for the comparison of trans¬ 
formers of different makes and types. The standard 
rating must be so defined that it can be determined 
easily and accurately in practise, and is, therefore, 
expressed in terms of the observable temperatures R 
and r. It is based on certain definite loading and 
cooling conditions so as to be a constant for a given 
transformer. 

The manner in which the observable temperatures 
R and T are derived from the hottest spot temperature 
for standardization purposes, is explained in Pamphlet 
No. 1 of the A. I. E. E. Standards. 
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T37pical values of these observable temperatures after 
continuous rated load for the standards of three coun¬ 
tries are ^yen in Table I. The standards specify both 
these limiting temperatures and state that neither may 
be exceeded. 


TABLE I 


Ooimtry 

Self -0 

Doling 

Forced- 

■cooling 

R 

T 

jR 

T 

U. S. A. 

95 

90 

80 


Britain. 

95 

90 

90 

76 

Germany. 

105 

95 




The kv-a. output of a transformer depends on its 
temperature rise above the temperature of the cooling 
medium. The output can, therefore, be inoreased: 

a. By raising its working temperature until the 
maximum safe hot spot limit is reached. 

b. By reducing the temperature of its cooling medium. 
Hence, to standardize the output rating of a trans¬ 
former, the temperature rise must be specified. A 
complete standard specification includes the two ob¬ 
servable temperatures R and T together with the 
temperature of the cooling medium. 

Typical values of the cooling medium temperature A 
together with the resulting temperature rises are given 
in Table II. 


TABLE II 



Self-cooling 

Po 

iFced-cooUng 

1 _ 

Country 

A 

r 

t 

A 

r 

i 

U. S. A. 

40 

55 

50 

25 

55 


Britain. 

40 

66 

50 

25 

65 

50 

Gerxnany. 

35 

70 

60 





The cooling medium temperature A is the tempera¬ 
ture of the ambient air in self-cooled transformers, and 
of the inlet water in water-cooled transformers. 

A transformer compljdng with a standard specifica¬ 
tion will have temperature rises measured in oil and 
by resistance not exceeding these limits, but not neces¬ 
sarily reaching the limits. 

The relations between TR and H for any given 
transformer depend upon the thermal design, and may 
vary widely for transformers of the same standard 
rating but of different types or makes. The design 
conditions are frequently such that, in order that R 
may be within the specified limits, the value of T must 
be lower than the maximum the specification allows. 

A British Standard rated transformer, for example, 
with an oil temperature rise less than 50 deg. cent, at 
full load, is not necessarily running below its true 
standard rating since the temperature rise by resistance 
may be up to the full standard limit. 

The loading and cooling conditions chosen by all the 
standardization authorities are extreme. The British 
and American standards, for example, assume full 
load continuously, and an ambient air temperature of 


40 deg. cent, continuously for self-cooled transformers— 
operating conditions which are rarely encountered in 
•practise. 

An apparent advantage of this basis is that the 
standard rating is very conservative and may safely be 
worked to in almost any climate and under any loading 
conditions. 

It has become general practise for operating engineers 
to consider the standard rating as being the mayiTmnn 
safe rating under normal working conditions. Trans¬ 
formers much larger than is necessary are therefore 
installed. 

A relatively minor disadvantage of this position is 
waste in transformer plant installed and in exciting 
kv-a. and losses. 

A more serious result is that operating experience 
cannot distinguish between transformers of good and 
bad thermal design. Undesirable opportunity is thereby 
given to the unskilled or unscrupulous manufacturer, 
and lessons of experience which are essential to progress 
in design and construction are lost to the industry. 

It is suggested that the use of hottest spot tempera¬ 
ture indicators be encouraged in standard specifications; 
that distinction be made between the true thermal 
rating and the standard rating, as described earlier in 
the paper; and that alternat?ve standard ratings be 
recognized covering more practical operating conditions. 

Temperature Distribution in a Transformer 

The main parts of any type of oil-immeraed trans¬ 
former are the iron core, the windings, the tank, and 
the oil. During operation, heat is generated in the 
iron core and in the copper of the windings. 

Considering only steady-load conditions, theheatmust 
be transferred to the cooling medium air or water. 
The oil serves as the transference agent. Heat flows by 
conduction to the surface of the material into the oil 
and thence by thermal transference to the cooling 
medium. 

The oil circulates in a closed path between the 
transformer and the cooling medium, rising in tem¬ 
perature as it collects heat from the transformer and 
falling in temperature as it delivers it to the cooling 
medium. This variation in oil temperature D has a 
large effect on the thermal design of the transformer. 
For a given specific heat of oil there is a definite relation 
between the temperature difference D, the quantity of 
oil in circulation, and the heat losses being dissipated. 

The oil circulation path is shown diagrammatically 
for three types of cooling in Pig. 1, but is not, of course, 
actually so directly and clearly defined as in the figures. 
In self-cooled transformers the oil circulation depends 
on the tank dimensions and winding arrangement. 
In water-cooled transformers it can be controlled to some 
extent by varying the cooling conditions, and in forced 
oil-cooled transformers the circulation is completely 
under control, and D, for instance, can be given any 
desired value. 
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Winding Thermal Conditions 
A transformer winding with oil flowing through it is 
shown diagrammatically in Fig. 2. The temperature 
T of the oil leaving the windings is here assumed to be 
the same as the temperature of the hottest oil. This is 
so in most practical cases. Where the difference is 
appreciable, however, an average value can be assumed 
which will give sufficiently accurate results for the 
present purpose. The same conditions apply to the 
increase of oil temperature D. 



Self Cooled Water Cooled Forced Oil Cooled 

Tnnsformer Transformer Transformer 

(a) (b) (c) 

Fig. 1 

The temperature of the oil at the bottom of the 
windings will be (T — D). 

The relation between the winding temperature at 
any point and the adjacent oil temperature depends 
largely upon which of the following conditions holds: 

1. The direction of oil flow is at right angles to the 
conductors in the winding. 

2. The direction of oil flow is parallel with the 
conductors in the winding. 

Condition (1) applies to most core t5T)e and some 
shell type transformers. 



Fig. 2 


Condition (2) applies to many shell tjTpe transformers. 

Under condition (1), considering only a steady con¬ 
tinuous load and assuming the windings are fairly sym¬ 
metrical, the hottest spot temperature of the insulation 
at any point such as a or 6 in Fig. 1 wiU be a constant 
value G above the adjacent oil temperature. The 
hottest spot temperature of the copper, and, therefore, 
of the adjacent insulation at c, for example, will be 
•(T- D + G). 

The hottest spot temperature H of the copper for 


the whole winding will be at some point h and such that 

H = r G (1) 

This temperature H must not under any conditions 
of loading exceed the safe limit, e. g., 105 deg. cent, for 
I, E. C. rating. 

Under condition (2) the thermal gradient in the 
winding in the direction of the conductors will be short- 
circuited by the copper, since the thermal conductivity 
of copper is approximately 2000 times that of the 
winding insulation. The temperature of the winding 
will be constant in the direction parallel to the flow of 
the oil. The winding temperature difference will not 
then be constant as in the previous case. At the top 
of the windings it will be (H — T) and at the bottom 
(H — T + D). If G is the value at the top of the 
windings, then: 

as in Equation (1). 

The temperature R measured by increase of resistance 
of the windings will be the average temperature of the 
copper in the windings taking the average in directions 
both normal and parallel to the flow of oil. 

Under condition (1) its equivalent is the temperature 
of the copper at some point near the center of the 
winding such that: 

R:=T-KD+Ga ( 2 ) 

For condition (2) the temperature of the copper 
is constant at all points in a vertical direction. As¬ 
suming Ga is the average value of the winding tempera¬ 
ture difference at the top of the windings, then: 

R^T + Ga (2a) 

Comparison of this relation with Equation (2) shows that 
if the flow of oil is parallel to the conductors, K becomes 
zero. 

It should be noted, however, that the direction of oil 
flow cannot in practise be parallel to the conductors 
for the whole of the winding. The temperature relations 
for condition (2) will, therefore, apply to part only of the 
winding, and for all types of transformers K will be 
greater than zero. 

Equation (2) gives the relation between R and T 
in any oil-immersed transformer. Ga is the average 
value of the winding temperature difference taken in a 
radial direetion through the coil. It is usually within 
5 deg. cent, of the maximum value G. 

The constant K varies between 0.1 and 0.6 depending 
on the thermal design. 

As previously explained, most national standards 
flx upper limits for both R and T. The designer of the 
traniormer has, therefore, so to adjust D and Ga that 
neither of these limits is exceeded. 

The value of D itself varies widely from 1 deg. cent, to 
15 deg. cent, for forced-oil-cpoled transformers, and 
from 5 deg. cent, to 30 deg. cent, for self-cooled and water- 
cooled transformers. For an A. I. E. E. or B. S. rated 
self-cooled core type transformer in which both oil and 
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winding temperatures are at their limits, Equation (2) 
becomes, assuming D = 20 and K = 0.4 

95 = 90- 8 +Ga 
or G a = 13 deg. cent. 

In many cases a cheaper and better design could be 
made if Ga were larger than 13. For a self-cooled 
transformer D cannot be varied much, so that G a can 
only be increased by reducing the hottest oil tempera¬ 
ture T. The revised figures might be: 

95 = 80 - 8 + G a 

giving G a = 23 deg. cent, instead of 13 deg. cent. 
Such a transformer at full load and with 40 deg. cent, 
air would have a temperature rise by resistance of 
56 deg. cent.—^the standard limit—^but the hottest oil 
rise would only be 40 deg. cent, or 10 deg. cent, below 
the standard limit. 

This example shows clearly why a B. S. or A. I. E. E. 
rated self-cooled transformer with hot oil rise 10 deg. 
cent, below the specified value is not necessarily libCTally 
rated. In this case, the load could not be increased 
until the oil rise reached 50 deg. cent, without seriously 
exceeding the standard rating. 

Relation Between the Average Winding 
Temperature and the Hottest Spot 
Temperature 

Equation (2) gives the relation between the average 
winding and hottest oil temperature. For standardi¬ 
zation purposes these observable temperatures are 
derived from the safe hottest spot temperature by 
arbitrary relations. 

Combining Equation (1) and (2) gives the relation 
between the hottest spot and the average winding 
temperatures. 

H =^R-\-KD + G-Ga (3) 

Thus the difference between the hottest spot tempera¬ 
ture H and the average winding temperature R is 
(E^H + G—Ga). This value is assumed by the 
A. I. E. E., for example, as 10 deg. cent, for 0. I. S. C. 
transformers. 

In forced-oil-cooled and water-cooled transformers 
where D can be more or less controlled. Equation (3) 
shows the advantage in having a small value for stand¬ 
ard rated transformers. As an example, consider a 
British Standard rated oil-immersed, forced-cooled 
transformer with inlet water at 25 deg, cent. After 
steady continuous load R = 90 deg. cent, from Table I. 

From Equation (3) assuming (G — G a) = 2 deg. cent., 
the hottest spot temperature is: 

H = 92 + .6 D 

If the . design of the oil cooler is such that D = 16 
deg. cent., then the hottest spot temperature = 100 
deg. cent. 

If, however, for the same winding temperature rise 
the value of b is 2 deg. cent., then the hottest spot 
temperature is only 93 deg. cent., a reduction of 7 
deg. cent. 


These two transformers both comply nominally with 
the British Standard Specification without any margin, 
yet the latter transformer is actually working at a 
considerably lower hottest spot temperature, and has 
therefore a higher safe output rating. 

Effect of Cooling Medium Temperature on the 

Output Rating 

So far, the final temperatures have been considered 
mainly as it is these which determine the maximum 
permissible loading. 

The output of any given transfonher depends on its 
temperature rise above the cooling medium, and this 
rise determines the rating of the transformer provided 
that the safe hottest spot temperature is not exceeded. 

Equations (l)-(3) are equally true of the temperature 
rises above the temperature of the cooling medium 
instead of the final temperature H, R, and T are in¬ 
serted. Calling these temperature rises fe, r, and t 
respectively: 


h = t + G 

(4) 

r = t- KD + Ga 

(5) 

h = r + KD + G-Ga 

(6) 


The true effect of load variations on the tempera¬ 
tures in Equations (l)-(6) is complicated no matter 
whether actual temperatures or temperature rises are 
considered. None of the temperatures is a simple 
function either of the load or of the losses. The tem¬ 
perature rise of the hottest oil, for example, usually 
varies as something less than the first power of the total 
losses. The winding temperature difference is often 
not directly proportional to the copper losses. Factors 
contributing to this complication are variations in the 
copper losses and in the viscosity and other character¬ 
istics of oil with temperature. * 

As a rough approximation, especially for self-cooled 
transformers, it will be assumed that the oil temperature 
variation D and the hottest oil rise t are directly pro¬ 
portional to the total losses, and that the winding 
gradient is directly proportional to the copper losses. 
These assumptions will give results on the safe side 
when considering permissible overloads. 

On this basis any of Equations (l)-(6) may be re¬ 
written for any desired load. 

Applying these relations to Equation (2) shows that 
R will increase faster than T as the load increases. The 
hottest spot temperature similarly increases faster than 
T. Herein lies the danger of estimating overloads and 
the effect of load variations from the oil rise t only. 

For example, assume an A. I. E. E. rated transformer 
giving the following result in Equation (5) at full load. 

55 = 45 - 8 + 18 

If the copper loss is equal to the iron loss at full load, 
then at 30 per cent overload continuously the copper 
losses, neglecting the effect of temperature on the 
resistance of the windings, will be 1.69 times, and the 
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total losses 1.34 times the original values, and Equation 
(5) becomes: 

80.1 = 1.34 (45 - 8) + 1.69 X 18 = 60.5 ~ 10,8 + 30.4 
Thus on overload the oil rise has increased 15.5 deg. 
or 34 per cent whilst the winding rise has inoreased 25.1 
deg. or 46 per cent. 

The greater relative increase in winding temperature 
rise would be even more marked for short time overloads. 

It is now possible to estimate the effect on the per¬ 
missible loading of variations in the temperature of the 
cooling medium. .The method can be most clearly 
shown by ^ example. 

Conader an A. I. E. E. rated self-cooled transformer 
with the following thermal characteristics after con¬ 
tinuous full load with an ambient air temperature of 
40 deg. cent. These values are typical of a medium 
sized self-cooled core type transformer. 

JR = 95 D - 20 G a = 18 G = 20 

T = 85 H = 105 K = 0.4 
Ratio of copper to iron losses = N — 2 

Equation (2) becomes 95 = 85 — 8 -|- 18 (7) 

Equation (1) becomes 105 = 85 -f 20 

Suppose the ambient temperature is only 25 deg. cent. 
At full load R = SO deg. cent., T = 70 deg. cent., and 
H = 90 deg. cent. The load may safely be increased 
until H is raised to 105 deg. cent., i. e., h may increase to 
80 deg. cent. 

Let P = the new permissible load as a fraction of 
normal full load 

P^N + 1 

The new total losses will be — ^ i — times normal. 

The new coppa* losses will be P* times normal. 

Equation (4) becomes: 

2P2 -I- 1 

80 = -X45 + 20P2 


wheuce P = 1.14 


Hence the effect of reducing the ambient temperature 
from 40 deg. cent, to 25 deg. cent, is to increase the 
output rating of the transformer 14 per c«it. 

At this overload with an air temperature of 25 deg. 
cent, the hottest spot temperature will be 105 deg. cent, 
and Equation (2) will read 

92.8 = 79 ~ 9.6 + 23.4 (8) 

It is instructive to compare (7) and (8). Both the 
hottest oil and winding temperatures are lower in the 
second case, but the transformer is equally loaded 
thermally in the two cases. 

The above method of determining the effect of am¬ 
bient temperature on rating may be expressed con¬ 
veniently in a formula giving the permissible loading 
at any air temperature. 


P 



(H-A) {N + l)-tn 


Where P = permissible load in terms of normal. 

A - temperature of cooling medium. 

H - maximum safe hottest spot temperature. 

N = ratio copper loss to iron loss at normal load. 
G« and tn = values at normal load. 

Using Equation (9) a curve can be plotted for any given 
transformer showing the permissible loading without 
exceeding a given safe hottest spot temperature for 
varying air temperatures. In the present example, 
Equation (9) becomes: 

P= I 90- ^ 

^ 50 

Pig. 3 shows the curve of overload and air 
temperature. 

With such a curve it is easy to check whether the 
load on a transformer in service is near its maximum safe 
rating. 



Pig. 3 


Similar curves can, of course, be drawn for water 
cooled and forced-oil-cooled transformers. 

An alternative method of obtaining the loading con¬ 
ditions on a transformer in service in which only the 
temperatures of the cooling medium and the hot oil 
are required, can be derived from Equations (9) and (1). 
Equation (1) at any load P times normal becomes: 

H = T + P^GnWhenceP = J — ^ (10) 

vTn 

where G« = value at normal load. 

Using this value of P in (9) gives: 


T = H-Gn 


(H^A)(N + l)-tn 
Gn(.N + l)+Ntn 


( 11 ) 


where T = maximum hot oil temperature permissible 
at the cooling medium temperature A. 
tn and Gn = values at normal load. 

In the example T = 69 H- 0.4 A 
If the air temperature is 20 deg. cent., the transformer 
is fully loaded (i. e., its hottest spot temperature is 
105 deg. cent.) when the hottest oil temperature is 
77 deg. cent. The continuous load to give this con¬ 
dition may be obtained from (10) 




105 - 77 


= 118% 


Gn (N + 1) -j- N tn 


(9) 


20 
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Hence, by means of Equation (11) readings of the 
oil and air temperatures for any transform®* on constant 
load show the loading conditions at that time, and in¬ 
dicate the proportion of the maximum permissible load 
the transformer is carrying. 

The formulas developed in this paper are intended 
for purposes of illustration and exposition rather than 
for actual application to practical problems. The 
formulas may, however, be modified to suit particular 
conditions. For example, the exponent of P in Equation 
(10) may be adjusted to suit the exact relation between 
the winding gradient and the load. Incidentally, 
practical correction for the effect of temperature on the 
copper losses may be made by adjusting this exponent. 

The predetermination of the true thermal rating of 
transformers requires numerous formulas to cover the 
wide range of loading and cooling conditions that may 
occur in practise. None of these formulas would be 
sufficiently general to be suited to the present purpose. 
The complete subject has been treated recently by the 
present author.^ 


Relation between Oil Temperature and Output 

Rating 

The hottest oil temperature is easily measured on a 
transformer in service, and .'t is well, therefore, to ex¬ 
amine what iifformation, as to the loading conditions, 
can be obtained from it. 


Prom Equation (10) P= 



H- T 


Gn 


where H and 


T 


are values at load P and G« is the winding temperature 
difference at normal load. 

In the example Gn = 20 


Hence P = 


I 105 - T 


20 


This relation is plotted in a curve in Fig. 4. The 
practical use of the curve has been pointed out by 
G. L. Porter. It gives the maximum oil temperatures 
for different loads. If, for instance, in the example the 
load is 120 per cent, the oil temperature must not be 
allowed to exceed 76.2 deg. cent. Whether the trans¬ 
former is able to carry this load continuously depends on 
the air temperature. Equation (9) or Fig. 3 shows that 
for this to be possible the ambient temperature must 
not exceed 18 deg. cent. 

The curve may be applied to temporary overloads 
as well as to continuous loads. An overload of 30 
per cent, for instance, in the example may be applied 
until such a time as the oil temperature reaches 71.2 deg. 
cent., and this is true no matter what the previous 
loading conditions, if within the safe rating; e. g., 
whether the transformer has previously been on full 
normal load or even on no-load. 

If the air temperature is greater than 5.5 deg. cent. 

2. “Thermal Rating of Transformers,” 7. E. E. Journal, 
(England), Vol. 66, No. 380, p. 841. 


(Equation (9) or Fig. 3), it is only a matter of time before 
the oil temperature reaches 71 deg. cent. When this 
happens the load must be reduced. This use of 
Equation (10) gives results slightly on the safe side for 
short time heavy overloads of only a few minutes' 
duration, since it makes no allowance for the thermal 
time constant of the windings. 

Again, suppose at a given instant the oil temperature 
of this transformer is 75 deg. cent., but the previous 
loading history is unknown. The curve states that any 
load up to 122 per cent may safely be taken from the 
transformer (actually some margin should be allowed 
here and a somewhat lower limit than 122 per cent 
assumed). How long this load could be taken depends 
on the air temperature, but always so long as the oil 
temperature does not exceed 75 deg. cent. 



Pig. 4 


The curve also shows up the possible danger of oil 
temperature alarm protection. Suppose in the example 
the oil thermometer were set to operate an alarm when 
the hottest oil temperature exceeded 80 deg. cent. 
Curve 4 shows that the alarm would be given quite 
unnecessarily so long as the load were below 112 per cent. 
On the other hand, the transformer might be carrying a 
load greater than 112 per cent and greater than the 
maximum safe limit (i. e., with a hottest spot greater 
than 105) without the alarm functioning. 

In some countries it is common for oil alarms to be 
set at 90 deg. cent. In the example referred to, repre¬ 
senting an average oil-immersed self-cooled transformer, 
if the air temperature were 30 deg. cent, and the trans¬ 
former were overloaded 20 per cent continuously, the 
hottest oil rise would be 58.2 deg. cent, and the hottest 
oil temperature 88.2 deg. cent. The alarm would, 
therefore, not function although the hottest spot tem¬ 
perature would be 117 deg. cent, and the transformer 
loaded beyond the safe limit. 

These illustrations show the numerous practical uses 
of a curve such as Fig. 4. 

Transformer Safe Load Indicator 
It has been shown that the hottest oil temperature is 
misleading as a guide to the safe loading of a trans¬ 
former and that the true criterion is the hottest spot 
temperature within the windings. Instruments have 
been developed in various forms by many transformer 
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manufacturers for measuring indirectly this hottest 
spot temperature. 

In principle, the components T and G from Equation 
(1) are measured separately. T is measured directly 
and G is obtained indirectly through the relation 
between it and the load current in the windings. A 
current transformer is therefore necessary and may be 
connected on either primary or secondary side of the 
main transformer. 

Such instruments show ciearly whether the trans¬ 
former is fully loaded and will actuate an alarm or close 
a relay tripping circuit when a dangerous condition is' 
being approached. 

By calibrating an instrument of this type in per¬ 
centage of maximum safe load instead of in hottest spot 
temperature, the information given by the curve Fig. 4, 
and illustrated by the examples previously decribed, 
can be indicated directly. Inspection of Equation (10) 
shows that the variable factors are P, the load on the 
transformer, and T, the hottest oil temperature, both 
of which are already used in the hottest spot tempera¬ 
ture indicator. 

With this calibration the instrument shows directly: 

1. The existing load as a percentage of the maximum 
safe load—showing how much of the permissible output 
rating is being utilized. 

2. The maximum load on the transformer during 
any desired period expressed as a percentage of the 
maximum safe loading. If, for instance, this record 
were 75 per cent over a period of 24 hr., it would mean 
that at no time during that period did the load on the 
transformer exceed 75 per cent of its available capacity. 

The formula assumes that when any given load is 
switched on, the winding temperature difference G 
reaches the value corresponding to that ’ load im¬ 
mediately. This assumption underestimates the over- 
load capacity of the transformer by a few minutes’ 
duration of load. This is a desirable characteristic in 
that for rapid and dangerous inoreases in load, warning 
will be given a short time before the danger point is 
actually reached. 

Earlier in this paper reference was made to certain 
approximations and assumptions necessary in applying 
the formulas previously developed to practical cases. 
Equation (10), used as the basis for the operation of 
the safe load indicator, is the simplest. The only 
thermal relation assumed is that the difference between 
the hottest oil temperature and the hottest spot tem¬ 
perature varies as the square of the load. 

Departures in practise from this relation such as 
those caused by the effect of temperature on the losses 
and on the viscosity of the oil, can be eliminated by 
adjusting the value of G and the exponent in the formula, 
and by suitably choosing the position of the oil ther¬ 
mometer. In this way the instrument can be made 
sufficiently accurate for all practical puiposes for use 
with any given transformer of reasonably normal 
design. 


Since the standard rating of a transformer is based 
on continuous loading and on an abnormally high 
cooling medium temperature, the true rating under the 
normal operating conditions of discontinuous loading 
and comparatively low cooling medium temperature will 
be considerably greater than the standard rating. 

By means of the safe load indicator, the tnie thermal 
rating under operating conditions may be fully utilized, 
and a corresponding saving made in capital cost of 
transformer plant installed and in exciting kv-a. and 
losses. 


Discussion 

F. F. Brand: Mr. Norris in his paper has seemed to indicate 
that hot-spot measuring devices are an impractical means for 
the operation of transformers in service. At least, as regards 
large transformers built in this country that is not true, because 
there has been a large number of transformers with hot-spot 
indicators in them, operating in service for some years. Per¬ 
haps it is not true to say Idiat these are hot-spot indicators, 
because a spot has no area, but as a matter of fact there are 
devices which will indicate correctly the hottest coil and the 
hottest turn in that coil. Therefore, they approximate very 
closely a true hot-spot indicator, and these and other devices 
simulating the hot-spot indicator have been in service quite a 
number of years, so that there are quite practical devices for 
an operating guide in service. 

Furthermore, Mr. Norris seems to indicate that the A. I. E. E. 
rules are very conservative in the rating of the apparatus. It 
may be so in very large transformer which are equipped with 
means to prevent oxidization of the oil, though I doubt it, but 
at least as regards smaller transformers, it is very questionable 
in my mind if it is permissible to overload small transformers 
without running into danger of sludging the oil and, therefore, 
getting a very short life. 

It has been our practise in this country to recommend that 
even large transformers be not operated at a hot-spot tempera¬ 
ture of 105 deg., because we have thought it more desirable to 
operate such transformers more conservatively and to obtain 
longer life of the insulation and of the oil. 

There is one other point in Mr. Norris’ paper to which I should 
like to take exception. He speaks about the temperature rise 
of conductors in oil which are parallel to the oil flow. Perhaps 
that is hardly a practical question, because no transformer has 
the oil flow parallel to the conductors throughout the whole 
length of the conductor. Mr. Norris’ statement neglects two 
very important features of a transformer. He speaks about 
the high conductivity of the copper in contrast to the lower 
conductivity of the oil, and he has neglected entirely the surface 
drop from the conductor or from the insulation on the conductor 
through that little stagnant film of oil, which is so hard to sweep 
away, and he has neglected, too, the thermal drop through the 
insulation, and those things far outweigh the question of whether 
the conductivity of the copper is such as to change the distribu¬ 
tion of the temperature gradient, and tests show this to be so. 

W. F. Dawson: If I understand Mr. Norris’ paper correctly, 
it makes proposals whereby the customer may cheek up the 
performance of his transformer and possibly increase its rating. 
I wish to head off any possibility of encouraging such a practise 
on turbine alternators. It would be exceedingly dangerous to 
suggest that because some margin is found between the guaran¬ 
teed total temperature and that observed, increased ratings or 
overloads can be tolerated. Except on special contract, practi¬ 
cally all turbine alternators are today sold on the basis of “maxi¬ 
mum rating’’ which means that neither armature current nor 
field current is to be overloaded, except momentarily. Both 
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armature currents and field currents are now generally stamped 
upon the nameplate. 

It will often be found that although the Institute rules permit 
an observed temperature rise as indicated by resistance of 90 
deg. cent, on the field windings as compared with an observed 
temperature rise by temperature detectors of 80 deg. cent, with 
class B insulation and 60 deg. cent, with class A insulation on 
armature windings, there is more margin in the heating of the 
armature coils than in the fields. This makes it particularly 
dangerous to attempt overloading the armature windings simply 
because there appears to be a slight margin in the heating. 
There has been a recent tendency to place recording thermom¬ 
eters or temperature alarms in the path of the ventilating air. 
Devices of this sort are poor substitutes for the temperature 
indicators connected to the temperature detectors embedded 
in the armature windings. Usually the ammeters in armature 
and field circuits are a much safer guide. 

A typical distribution of full-load losses in a medium-size 
turbine alternator, say 3000 kw., would be approximately as 
follows: Windage and fan loss 1.25 per cent; core loss 1 to 1.25 
per cent; P R armature 0.5 to 0.67 per cent; load loss 0.5 to 
0.67 per cent; P R field and rheostat 0.6 to 0.8 per cent, a total 
of about 4.5 per cent as compared with fixed no-load losses of 
about 2.7 per cent. 

These data ought to show how useless thermometers placed 
in the outlet air stream are as indicators of the temperature of 
the windings. 

W. M. Dannt Mr. Norris makes the point in his paper that 
the American Institute rules are very conservative, as Mr. 
Brand has already said. He says this because the standards 
involve continuous loading and a temperature of 40 deg. for the 
cooling medium, two conditions that are not met with every day 
in actual service. 

He makes the point, which I think is really not a very serious 
one, that this gives to the unskilled or unscrupulous manufac¬ 
turer the undesirable opportunity to design transformers that 
meet the Institute standards but are still of bad design. The 
only way in which a manufacturer could produce such a design 
would be to distort the use of his materials and of his cooling 
system quite considerably from the prevailing American practise. 

An average copper temperature that would keep within the 
Institute figure of 55 deg. might be produced with a distorted 
design and it might be that the hot-spot temperatures would be 
excessive. I really doubt very much, though, whether any 
manufacturer would produce such a design because it wouldn’t 
be worth while. The life of a transformer would be much 
shorter than is the actual case in service. 

The point is made again that the conservatism of the Ameri¬ 
can Institute rules produces a situation where transformers 
much larger than necessary are being installed. It seems to 
me that most users of transformers are satisfied with the con¬ 
servatism of the Institute rules, because it must be a pretty 
comfortable feeling to Icnow that with a device as important as a 
transformer, one has a little excess capacity under ordinary 
conditions of operation for emergencies and peak loads. For 
this reason I think it might be well to say that there are many 
American engineers who are satisfied that the Institute rules 
are not unduly conservative. 

The safe loading of transformers has been receiving a lot of 
attention in this country in the past year or two. It is well 
known that a bank of transformers has an excess capacity when 
the temperature of the cooling medium is low, and it seems 
logical to take advantage of that capacity under those conditions. 
The logic and the reasonableness of this position are being 
recognized by the Institute. Recommendations for the safe 
loading of the transformers have been prepared and have been 
published for criticism, and it is not unlikely that they may be 
officially issued some of these days. 


I am sorry that the description of the safe load indicator is 
not gone into a little more fully in Mr. Norris’ paper. Mr. 
Brand has said that winding-temperature indicators are being 
regularly furnished by several American manufacturers, and that 
is the ease. It appears to me from the brief description of this 
indicator in Mr. Norris’ paper that it is practically the same 
device that is being used rather extensively in this country to 
indicate the hottest-spot winding temperature, the chief differ¬ 
ence, it seems to me, being that Mr. Norris’ instrument is cali¬ 
brating in terms of load instead of temperature. 

V. M. Montsin^er: This paper deals with a subject which 
has been under discussion by one of the A. I. E. B. committees 
for the past three years. I refer to the subject of loading trans¬ 
formers by temperature instead of by nameplate ratir^. 

There are two points which I shall discxiss, (1) the methods or 
formulas used in determining the overload capacity of a trans¬ 
former and (2) the question of what is a safe load. 

This paper is devoted almost entirely to the first point but 
does not discuss the second point which I consider a very im¬ 
portant one. 

The formula given in Mr. Norris’ paper recognizes the basic 
difference between the design of oil immersed apparatus and air 
cooled apparatus in that in the former in calculating the tem- 
peratme rise it is necessary to deal with two separate and inde¬ 
pendent rises; namely, the oil rise over the ambient and the 
winding rise over the oil. In other types of apparatus such as 
generators, where the windings are embedded in core slots the 
thermal conditions are not so simple. 

Several years ago I found that practically every heating curve 
obtained by tests could be expressed by the simple formula— 

e = CLn 

0 = temperature rise. 

C = constant. 

L = loss. 

n = some value less than unity for natural oqoling and unity 

for artificial or forced cooling. 

I note that Mr. Norris has assumed that in all cases the value of 
n is unity in his calculations, although he properly points out 
that in some cases it is less than unity. 

For self-cooled transformers the oil rise varies as the total 
loss raised to the 0.8 power. The temperature rise of horizon¬ 
tal windings also varies as the copper loss raised to the 0.8 power. 
For vertical windings the power is more nearly unity. For 
water-cooled transformers, which are very popular in this coun¬ 
try, I would point out that with a given rise in the cooling water 
of, say, 10 deg. cent., the oU rise varies as the square root of the 
total losses, i. e., n = 0.5. For this class of transformers the 
formula based on the temperature rise being proportional to 
the loss should not be used because the results do not check even 
approximately. The winding rise over the oil follows the same 
laws as for self-cooled transformers. The following tabulation 
gives the difference in temperatures calculating the rises for 125 
and 150 per cent loads where the transformer has a ratio of 
copper to iron losses of 1:1 and 2:1 at 100 per cent load. 

These figures show that while the results may be close enough 
for practical purposes to assume that the rise is proportional to 
the loss within reasonable variation of load of self-cooled trans¬ 
formers, but for water-cooled transformers the difference is too 
great to neglect. In all cases, however, I prefer to use the more 
exact formula because it is simple and involves very little labor. 
This will be discussed more in detail in my forthcoming paper. 

1 shall have to take exception to the statement that for long 
vertical coils on account of the thermal conductivity of copper 
being 2000 times as great as insulation, the temperature of the 
windings will be constant in the direction parallel to the fiow of 
oil. Accepting this figure of thermal conductivity as correct, 
neither tests nor calculations bear out this statement. A few 
years ago I made temperature exploration tests by means of 
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TABLE I 

COMPARISON OP KV-A, VS. TEMPERATURE RISE OP OIL AND 
WINDINGS BASED ON TEMPERATURE RISE BEING (1) 
NOT PROPORTIONAL TO LOSS. (2) PROPORTIONAL TO 

LOSS 


Self-cooled 


% 

load 

Oil rise over 

Ho 

t spot rise over 

oa 

Ambient 

c»xu.iu 


nc »=0.8 

He =»1 

rto *0.8 
nc “0.8 

iio “1 
nc “I 

Difference 

no *0,8 

no 

100 

45 

45 

20 

20 

65 

65 

0 

125 

55 

57.5 

28.6 

31.2 

83.6 

88.7 

5.1 

150 

66.4 

73.3 

38.3 

45.0 

104.7 

118.3 

13.6 

100 

45 

45 

20 

20 

65 

65 

0 

125 

58 

61.8 

28.6 

31.2 

86.6 

93 

6.4 

Bf 150 

73 

82.5 

38.3 

45.0 

111.3 

127.6 

16.2 


Water-cooled 


% 

load 

Oil rise over 

1 Hot spot rise over 

Oil 

Ambient 




He =0.8 

nc *1 

no “0.5 

He “0.8 

no “1 
nc “1 

Difference 

no =0.5 

no ”1 

100 

35 

35 

30 

30 

65 

65 

0 

A 125 

39.6 

45 

43 

46.8 

82.6 

91.8 

9.2 

150 

44! 5 

56.6 

57.4 

67.5 

101,4 

124 

22.6 

100 

35 

35 

30 

30 

65 

65 

0 

B 126 

41 

48 

43 

46.8 

84 

94.8 

10.8 

150 

47.3 

64 

57.4 

67.6 

104,7 

131.5 

26.8 


A* Is for 1:1 ratio of copper to core loss at 100 per cent load. 
Bf Is for 2;1 ratio of copper to core loss respectively. 


thermocouples on a sheU-type eoh 60 in. in height and found 
that after conditions became constant and holding a copper 
density of 2000 amperes per sq. in., the temperature gradient 
was a straight line with a difference of 16.2 deg. between extreme 
lower and extreme top. This difference in temperature is cheeked 
very closely by calculations using a formula similar to that 
used on calculating the characteristics of transmission lines. 
Two thousand amperes per sq. in. represent perhaps the very 
maximum that is used in America today at rated load but may 
easily be reached on overloads now permitted in low ambients. 

I note that the curve in Fig. 3 giving the maximum percentage 
safe load versus ambient air temperature, checks rather closely 
what I have always termed the 1 per cent rule; namely, that the 
capacity of a transformer can be increased 1 per cent for each 
degree by which the ambient is decreased below its standard. 
It is true that Mr. Norris’ curve does not quite" meet this but if 
he had made the calculations on the basis that the temperature 
rise varies as the 0.8 power instead of the first power of the loss, 
it would easily have met this rule. 

I wish now to discuss a phase of this question of loading trans¬ 
formers by temperature which I consider much more important 
than the ixse of certain formulas because if you use the right 
formula you know pretty well what you are about, but for this 
other phase no standard formxila is available and we must be 
guided by general experience. I refer to the question of what 
is a safe load when the maximum temperature is maintained 
continuously by means of overloads employed in connection 
with the use of temperature-indicating devices. I note that the 
author has taken 105 deg. as the maximum temperature at 
whidh it is safe to load a transformer continuously. The ma¬ 
jority of engineers in America in the absence of experience in 
operating transformers under this new condition, are not willing 
to subscribe to, (and in fact it is not logical to set up) the same 
maximum temperature limit for a condition where this limit can 
be maintained 365 days in the year by means of overloads as for 


a condition in which this same limit is reached only when several 
factors occur simultaneously and continuously under unusual 
service conditions. I mean that this value is not reached unless 
the following four conditions occur simultaneously: 

(1) —40 deg. ambient. 

(2) —^rated load. 

(3) tested rise 55 deg- by resistance. 

(4) —m fl-YiTmim conventional allowance for hot spot of 10 

deg. cent. 

On the other hand, if a transformer is loaded by temperature 
rather than nameplate rating it is obvious that a condition can 
be brought about that is equivalent to these four conditions 
occurring simultaneously. The question comes up as to what 
temperature limit is safe for this new condition. The opinion in 
this country has pretty well crystallized in favor of setting up a 
temperature differential of at least 10 deg. as a safe limit for the 
two conditions of loading. In other words, we believe that if 
105 deg. is a safe limit where the load does not exceed nameplate 
rating and the chances are very small of obtaining this limit 
continuously, we should not exceed 95 deg. hot spot or 85 deg. 
by resistance when the maximum temperature is maintained 
continuously with the aid of temperature indicating devices, 
etc. On the other hand, we are willing to admit that if it is 
proved that 105 deg. is a safe temperature for continuous opera¬ 
tion it would be safe to reach 115 deg. periodically as might 
happen under usual service conditions and where name plate 
rating is never exceeded. Before subscribing to this, however, 
we prefer to obtain further experience under actual service con¬ 
ditions because, as pointed out above, this proposed method 
of loading is entirely new and introduces new factors which 
may have a very important bearing on the life of the insulations. 

In order that the title of the author’s paper Safe Loading of 
Oil-Immersed Transformers might not be misleading to some 
who are not keeping up-to-date with the progress of the art, I 
would point out that as I interpret the title it means “safe” in 
so far as the load will not cause a temperature in excess of the 
limits set forth. To this I heartily agree. I cannot agree, 
however, that it is necessarily safe from the standpoint of the 
life of the apparatus to maintain continuously the temperature 
limit of 105 deg. It is hoped that within the next year or two 
the A. I. E. E. can officially standardize the rules which have 
been prepared and published^ for the operation of transformers 
by temperature. If this is done and the proposed limits are 
adopted it would mean that the values given in this paper should 
be revised in order to conform in temperature limits with our 
own practise. 

I regret that the author has not given us a few more details 
as to the construction of the temperature indicator to which he 
refers in the last part of the paper. While this is not necessary 
to understand the thermal conditions in a transformer it would 
have added to the interest of the subject. 

I might point out that the General Electric Company has 
been supplying for the past eleven years a temperature indi¬ 
cator that shows the approximate hottest spot of the winding 
under loaded conditions. This I believe was the first general 
application of a transformer temperature indicator. Full 
particulars on this device are given in, the General Electric 
Review, June 1918. 

F. D. Newbury: I wish to discuss the paper briefly from the 
general standpoint of standards. Mr. Norris has wisely drawn 
a distinction between standards for rating and, let us say, 
recommendations for operation. The discussion shows that 
there is some difference of opinion as to the conservative nature 
of the Institute rules. My own opinion is that we don’t know 
whether they are conservative or not because there is no way of 
finding out just what the facts are. 

If we take insulating materials and make laboratory tests 
and judge deterioration by reduction in mechanical strength, 

1. A. I. E. E. JOTTBNAIi, August 1928. 
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a very good ease for a much lower temperature limit can be made. 

If we assume that the limiting temperatures of the A. I. E. E. 
Standards are safe, then we must admit that practise is conser¬ 
vative because apparatus is rarely operated continuously under 
conditions of 40 deg. air temperature and up to the permissible 
limiting temperature rise. 

However, we must face the fact that our only reliable “bench 
mark” is general experience. We know that we are not having 
undue trouble with our apparatus as operated. How much 
margin of safety exists we can only find by further experience. 
We cannot, therefore, change operating practise in a way that 
will increase the general average of operating temperature 
without careful consideration. Conservatism would lead to 
some reduction of present A. I. E. E. limits, as has been proposed 
by American engineers in connection with the recommendations 
for operation of transformers by total temperature. 

In the application of this principle of operation by total 
temperature, there are two difficulties. I have already men¬ 
tioned the first one, that is, whether our present standards 
can be applied in practise up to their full limit or not. The 
second is that no hot-spot indicator really measures the actual 
hot-spot temperature. 

Some rather complete tests in the case of turbine alternators 
have shown that there is anywhere from 5 to 20 deg. difference 
between the actual hot-spot copper temperature and the highest 
temperature that can be measured by conveniently located 
hot-spot indicators. So we have that thermal difference to 
deal with in applying this principle of operation by total tem¬ 
perature. The difference between actual hot-spot temperature 
and measured hot-spot temperature increases as loads above 
the rated load are applied. So the increase in load above the 
rated load involves this additional unknown factor and another 
factor of safety must be applied in the application of this method 
of loading. 

A. B. Cooper: I think that although this paper was written 
as of two years ago, in all probability Mr. Norris would have no 
occasion to change his opinion on the details of the paper based 
on more recent practise or experience. Mr. Brand has pointed 
out that in his estimation the remark regarding the conserva¬ 
tism of the A. I. E. E. riiles applies to large transformers but not 
particularly to moderate capacity transformers. Mr. Norris 
has in mind, I think, in preparing this paper, more the larger 
types of transformers. His company is building at the present 
time transformers of unit capacity of 75,000 kv-a., and in that 
case, if a 20 per cent margin is available under the conditions 
as outlined, due to variation in temperature, he is dealing with 
a capacity of 15,000 kv-a., which may be idle capacity or waste 
capacity in his transformer. 

Mr. Brand pointed out that transformers have been in service 
for a very long time with embedded temperature detectors. 
Mr. Dawson answered that point very satisfactorily when he 
said a moment afterward that “temperature detectors are 
dangerous.” Mr. Dann’s comment has taken exception to what 
Mr. Norris said in regard to the variation in thermal gradient 
of transformers, particularly in reference to transformer design 
on this side of the water. My own feeling is that as between 
manufacturers, as between different types of design, or even as 
between designs put out by the same manufacturer, variations 
exist in the temperature gradient, of the order of 40 to 50 per cent. 

Mr. Montsinger has commented on the temperature varia¬ 
tions which result from departing from unity in the exponential 
value in the formula. Mr. Norris has used unity for simplicity; 
that is of course for simplicity in presentation of his paper, and 
he has not, I am sure, considered developing his temperature 
indicator on the basis of unity exponential value only. 

E. T. Norris: Many of the discussers have commented on the 
subject of whether it is safe to run transformer insulation con¬ 
tinuously at the national standard limit temperature of 105 
deg. cent., and have assumed that such a temperature is recom¬ 


mended in the paper. I am glad, therefore, that Mr. Mont¬ 
singer has pointed out that the paper does not discuss at all 
the question of what is a safe hottest-spot temperature. 

In the beginning of the paper the hottest-spot temperature 
is defined as the maximum temperature the insulation will safely 
withstand. The method of predetermining the safe loading and 
the use of the safe-load indicator depend upon the selection of a 
hottest-spot temperature in accordance with this definition. 

As regards the actual value of the hottest-spot temperature, 
Messrs. Montsinger and Newbury have summarized the position 
excellently. My own view is, perhaps, rather more optimistic. 
All transformer manufacturers of many years’ standing will 
have collected definite experience of the safe hottest-spot 
temperature for the insulation they have used. Developments 
in the manufacture and treatment of insulation tend to raise 
this temperature rather than lower it, so that such experience 
may safely be used. 

Again, suppose A to be the average loading conditions of a 
transformer. Very many transformers everywhere are operating 
safely under loading conditions B, considerably worse than the 
average A, though stiU below the A. I. E. E. standard rating 
conditions. When operating transformers by temperature, the 
general average can at least be raised from A to B without 
any risk. This argument refers to Mr. Newbury’s statement 
that operating practise should not be changed in a way that will 
increase the general average of operating temperature without 
careful consideration. 

The discussion of the actual value of hottest-spot temperature 
for standardization purposes is irrelevant in connection with the 
present paper, as the problem does not arise. The information 
given to the operating engineer is the proportion of the maximum 
safe output of a transformer actually being used at any time. 

In calibrating the instrument the manufacturer uses a hottest- 
spot temperature based on his Icnowledge of the materials he 
employs, and with as much margin for his safety as he likes. 

The new proposal does, however, demand skilled and accurate 
methods of thermal design. A transformer designer must 
have good control over the thermal characteristics and design 
of his transformer to be able to view the new method of loading 
with approval or even with equanimity. 

Many discussers have asked for more details of the safe load 
indicator. It is constructed on the same principle as the wind¬ 
ing-temperature indicators referred to by Messrs. Brand, Dann, 
and Montsinger, the essential difference being that it is not cali¬ 
brated in hottest-spot temperatvire. The information given by 
a winding-temperature indicator is somewhat negative in charac¬ 
ter. Suppose, for example, the hottest-spot temperature of a 
transformer at a given instant is 75 deg. cent, while the maximum 
safe value is 100 deg. cent. The transformer is obviously not 
fuUy loaded, but the unused capacity cannot be determined 
from these two temperatures, and may be any value between 
10 and 35 per cent, depending on the thermal design of the 
transformer and the temperature of the cooling medium. The 
operating engineer knows, therefore, that the transformer is 
not fully loaded, but he does not know what the margin is, 
and is, therefore, unable to make full use of it. 

The safe-load indicator is calibrated in percentage of maximum 
safe load instead of in hottest-spot temperature, and therefore 
shows directly just how much of the available output rating is 
being utilized at any time or over any period of time. 

Further details of the safe-load indicator are given in the 
Institution of Electrical Engineers’ Journal referred to later, 
and the instrument itself is illustrated in Fig. 1 herewith. 

Mr. Brand considers the Institute rules are not conservative, 
while Mr. Dann agrees that they are, and approves of the con¬ 
servatism on the grounds that it is comforting to an operator to- 
feel that his transformer has a margin of capacity for emergency 
conditions. 

All -operating engineers will, I think, agree with Mr. Dann. 
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The important point is that hitherto the operator has been 
able merely to feel that the transformer had some margin for 
an emergency, whereas when the method recommended in the 
paper is followed, the operator will know that the transformer 
has a margin; he will know just how much that margin is in kv-a., 



Fig. 1—Saipb-Load Indicator for Transformers 

and that knowledge will be automatically kept up-to-date for 
him and can be checked at any time. 

The principles of operation by temperature are applicable 
to all sizes and types of transformers without restriction, and the 
safe-load indicator is equally valuable in every case. 

Mr. Montsinger points out that the temperature rise of 
either windings over oil or oil over air is sometimes proportional 


to something less than the first power of the watts loss, and gives 
tables showing the effect of the reduced exponent on the resulting 
temperature rises. This fact is emphasized three times in the 
paper. 

The formulas developed in the paper were intended for pur¬ 
poses of illustration and exposition rather than for application 
to practical problems, and were therefore simplified by such 
means as assuming unity exponent. I pointed out, however, 
that the subject has been dealt with quantitatively and in detail 
elsewhere (Inst. Elec. Eng. Jl., Vol. 66, p. 841). In that paper 
complete formulas have been developed in which both varia¬ 
tions in the exponent and other complications are taken into 
account. 

Incidentally, the analysis of the winding-temperature differ¬ 
ence into surface drop and thermal drop through the insulation, 
as referred to by Mr. Brand, is also dealt with in detail. The 
Institute papers by Messrs. Montsinger, Luke, and Cooney 
were of great assistance in the preparatioix of both papers. 

The safe-load indicator is not subject to errors such as the 
assumption of unity exponent, since it works on the actual oil 
temperature and winding-temperature difference existing in 
service. 

In pointing out that no transformer has oil fiow parallel to 
the conductors for the whole of the winding, Mr. Brand is quoting 
from the paper. Any drop in temperature along the conductor, 
even in the rather extreme ease described by Mr. Montsinger, 
can be allowed for by slight adjustment of the constant K in 
Equation (2). 

Mr. Montsinger states that if Fig. 3 had been calculated on 
the basis that the temperature rise varies as the 0.8 power 
instead of the first power of the loss, it would have closely cheeked 
the empirical 1 per cent rule. On the other hand, I find that 
Fig. 3, which was calculated from the approximate formulas 
developed in the paper, agrees almost exactly with the constant 
load curve given in Fig. 19 of N. E. L. A. Report No. 267-3 
which was, I think, plotted from actual measurements on many 
typical distribution transformers. 

In, conclusion, the chief aim of the paper is to encourage the 
rating and actual loading of transformers on a true thermal 
basis. To this end a practical method is developed of predeter¬ 
mining the true thermal rating under different conditions of 
loading, and a practical means is described for measuring the 
safe load capacity of a transformer under actual service 
conditions. 




Induction Motor Operation With Non-Sinusoidal 

Impressed Voltages 
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Synopsis,—The usual procedure in considering the operation 
of induction motors has been to neglect the effect of harmonics. 
Although in most instances this gives results which are sufficiently 
accurate, the question of how much these effects are or how much is 
being neglected has yet to be answered in electrical engineering 
literature. In this paper an attempt is made to answer this question. 
It is also devoted largely to a statement of results with only such ex~ 


T here are two t37pes of harmonics that may be 
present in induction motor operation, (a) time 
harmonics introduced by the impressed e. m. f. 
and (b) space harmonics introduced by the counter 
e. m. f. of the motor. The object of study in this paper 
is the former type of harmonics. 

In order to visualize what happens in the case where 
the impressed e. m. f. contains one harmonic, it is 
convenient to think of an induction motor as consisting 
of two motors identical with the motor under considera¬ 
tion, with shafts connected and drawing power, one 
from the fundamental e. m. f. source and the other from 
the harmonic e. m. f. source. The reactance of the 
harmonic motor will be n times that of the fundamental 
motor, where n is the order of the harmonic. The 
resistance of the harmonic motor as indicated by our 
tests will be greater than that of the fundamental 
motor, although not n times as great. One author® 
claims the resistance of the harmonic motor to be the 
same as that of the fundamental motor. When this 
pair of motors is operating under any ordinary load, 
the slip is close to zero per cent for the funda¬ 
mental motor, while for the harmonic motor it is a very 
large per cent, 133 1/3 per cent for the third harmonic 
in the two-phase motor, 120 per cent for the fifth 
harmonic in the three-phase motor, and 85 5/7 per 
cent for the seventh harmonic in the three-phase motor. 
For example, if 1800 rev. per min. is sjmchronous speed 
for the two-phase fundamental motor, 3 X 1800 = 
5400 rev. per min. in the opposite direction is synchro¬ 
nous speed for the third-harmonic machine. The slip 
is therefore 7200 rev. per min. or 7200/5400 X 100 = 
133 1/3 per cent. In the case of the seventh harmonic and 
the tha'ee-phase motor, 7 X 1800 = 12,600 rev. per min. 
in the same direction as synchronous speed, and the i^ip 
is therefore (12,600- 1800) X 100 12,600 = 85 5/7 

per cent. When a pure sine wave is impressed on the 

1. Pennsylvania State College, State College, Pa. 

2. Arnold, Vol. 6, Part I, p. 194, Die Asynchronen Wechsel- 
strommaschinen die Inductionmaschinen. 

Presented at the Summer Convention of the A. I. E. E., Swamp-' 
scott, Mass., June S4-S8, 1929. 


planation as space permits. The conclusions are that, with har¬ 
monics of 10 per cent or less, the harmonics produce an insignificant 
effect, for all types of induction motors and for all conditions of 
operation, except for the nv-load condition. In this case, significant 
but not serious increases of PX occur. Also lightly loaded in¬ 
duction motors may be counted on to smooth out the impressed 
electromotive force wave. 


motor, 100 per cent voltage is considered to be impressed 
on the motor of fundamental frequency and 0 per cent 
on the harmonic motor. When a non-sinusoidal voltage 
of 100 per cent effective value is impressed on the motor, 
if the harmonic be 25 per cent of the fundamental, the 
fundamental -motor will have impressed on it a 97 
per cent voltage. Considering a given effective voltage, 
this voltage can be produced either by 100 per cent 
fundamental and 0 harmonic or with 100 V 1 + H® 

per cent fundamental and H X 100 -f- V 1 4- H® 
per cent harmonic, where H is a fraction, 0.25 for ex- 
a mple in t he above cited case. Thus, H X 100 ^ 
V1 + per cent voltage will be im pressed on the 
harmonic motor and 100 4- V 1 + per cent on the 
fundamental motor. With non-sinusoidal operation, 
the fundamental machine will receive a decreased 
voltage and function as an ordinary induction motor 
functions with decreased voltage. The harmonic 
machine operating with a large slip will take currents, 
active and reactive watts, practically the same as if its 
rotor were blocked. The harmonic motor acts more 
or less as a harmless parasite on the fundamental 
motor, neither helping nor hindering the operation of 
the fundamental motor to any considerable degree. 
Its braking effect is entirely negligible so long as the 
harmonics are kept below 10 per cent. Its main dis¬ 
advantage is that it prevents the fundamental motor 
from getting its full 100 per cent voltage and that it 
absorbs from the line a moderate amount of active and 
reactive power for which it does no good in return. 

Coming now to practical operating conditions, the 
outstanding fact is that with a 10 per cent harmonic, the 
largest harmonic allowable b y the A. I . E. E. Standards 

Rules, the quantity 100 4- V 1 + H® becomes 99.5 per 
cent, only half of one per cent loss in voltage impressed 
on the fundamental motor. Therefore the fundamental 
motor will have no more than a one per cent decrease 
in torque and horsepower. With a 10 per cent har¬ 
monic, the active and reactive watts taken by the 
harmonic motor are a small percentage of the total 
active and reactive watts for all conditions of operation 


1217 



1218 


DOGGETT AND QUEER: INDUCTION MOTOR OPERATION 


Transactions A. I. E. E. 


except light loads. The braking or accelerating torque 
of the harmonic motor is a small fraction of one per 
cent of the fundamental motor torque. 

Analytical Treatment 

As suggested in the introduction, it is helpful to 
replace the motor under consideration by two motors, 
shaft-connected, and each identical with the original 
motor. Each of these motors will have its own equiva¬ 
lent circuit and its proper impressed electromotive 
force. Solutions of these two circuits may then be 
made separately and the results combined. By apply¬ 
ing this method the operation of any induction motor 
for any condition may be predicted. Such calculations 
were made by the authors for a number of motors and a 
variety of operating conditions. These calculations are 
tedious and space does not permit their reproduction 
here. The conclusions from these calculations are that 



Pig. 1—Test Results of Motor Operated on Sinusoidal 
AND Non-SinusoidAL Voltages 


The full lines show operation on sinusoidal voltages: the dotted lines 
non-sinusoidal operation 

SO long as harmonics are kept below 10 per cent, the 
departure of the motor from normal pCTformance is 
quite negligible except for light loads. The case of 
light load is treated in a later section. 

In order to establish the validity of this method of 
calculation, a complete test was run on a small squirrel- 
cage motor for both sinusoidal and non-sinusoidal 
operation. Fig. 1 shows curves of horsepower, effi¬ 
ciency, power factor, current, and slip plotted against 
torque. The constants of the motor follow: 

Name plate data: 

A 5-hp., three-phase, 60-cycle, 110-volt, 263^- 
ampere, 1150-rev. per min., squirrel-cage motor. 

Blocked test data: 

£7 per phase (WFE) = 14 volts, / = 26 amperes 

R per phase (cold) = 0.227 

X per phase = 0.492 

Running light data: 

E line = 50H volts, I = 2.86 - j 3.14 = 4.22 
The tests were run at a voltage of 50 sufficiently 


below rated voltage to allow the motor to be taken 
through its complete characteristics. To obtain these 
complete characteristics, the following arrangement of 
apparatus was used: A d-c. motor drove a harmonic 
alternator,® which supplied the induction motor under 
test. Shaft-connected to the induction motor was an 
electrodynamometer which pumped power to another 
d-c. machine driven by a synchronous motor. The 
harmonic alternator’s speed was maintained at 1234 
rev. per min. The actual percentage of the fifth har¬ 
monic impressed on the induction motor was measured by 
the “wave-shape meter”® and was found to be 57 percent. 

It was found also that when calculations were made 
using the equations for the accurate equivalent circuit 
of the induction motor, very good agreement was 
had in the case of the speed-torque and horsepower- 
torque curves and fair agreement for the other three 
curves. Since beyond the breakdown point the currents 
are excessive and the values of primary and secondary 
resistance are uncertain because of heating, only a 
moderate agreement between observed and calculated 
values was obtained. For those who might care to 
check these calculations, the following circuit constants 
are supplied: Ri (hot) = 0.13; Ri (hot) = 0.14; Xi 
= Xi = 0.25; go = 0.098; 6o = 0.1076, volts per phase 
= 29.12. When opiating with the 57 per cent fifth 
harmonic, the voltage of the fundamental reduces to 

25.3 volts, while the fifth harmonic voltage becomes 

14.4 volts. 

While such calculations cannot be reproduced here, 
it may be d^irable to give just two simple calculations 
as follows: 

The maximum torque, fundamental test 

3X2 _1_ 

“ 2 TT 61.7 (29*12)® 2 _j_ ^0.13® -H 0.5®) 

X 0.737 = 7.51b-ft. 

The maximum torque, non-sinusoidal test 
/ 25.3 

= Y.5 X ( 2^ / = 6.68 Ib-ft. 

The above calculations are not based on the exact 
equivalent circuit and are only moderately close. 

Although complete calculations have not been in¬ 
cluded, they provide the basis for the following discus¬ 
sion of the curves of Fig. 1. 

Slip-Tor^ Curves. When the fifth harmonic is 
present, the fundamental must be reduced, in this case 
from 29.12 to 25.3 volts. As illustrated by the cal¬ 
culation, this reduces the torque in the ratio of the square 
of the voltages. The reduction due to the counter 
torque of the fifth harmonic is quite small, only about 
one-third of a pound-foot at breakdown. Neglecting 
this, it may be said that the motor acts as if operating 
simply with a reduced fundamental voltage. 

3. A New Wave Shape Factor and Meier. Doggett, Heim, 
and White, A. I. E. E. Trans., Vol. 46,1926, pp. 435-442. 
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Horsepower-Torque Curves. These curves are corol¬ 
lary to the slip-torque curves, since 

2 T Torque (1 — S) 1234 
"" 33,000 

Current-Torque Curves. Up to breakdown for any 
assigned torque the current with non-sinusoidal opera¬ 
tion must be larger than the current with sinusoidal 
operation for two reasons: (a) The reduction in funda¬ 
mental voltage calls for a larger current to give the same 



niTH HARMONIC VOLTAGE IN ^ OF FUNDAMENTAL 

Fia. 2 —^Tbst Results at Light Load 
Showing increase in H and P X with increase in harmonic voltage 


torque, (b) The fifth-harmonic current must be com¬ 
pounded with the fundamental current according to the 
law 

Ilotal = V 

Efficiency-Torque Curves. For any assigned torque, 
the extra current will result in extra copper loss and 
therefore less efiiciency. 

Power-Factor-Torque Curves. For any assigned torque, 
a very considerable P X, due to Xs, will materially 
increase the demand for reactive power and thus reduce 
the power factor. 

Light-Load Condition 

As has already been pointed out, an induction motor 
operating on light load with non-sinusoidal impressed 
voltages may be expected to show some considerable 
departure from, normal operation. In general, the 
no-load copper loss, P R, and the no load P X will be 
very much increased. Calculations show that an 
average three-phase motor acted upon by an e. m. f. 
containing an eight per cent fifth harmonic, if its per¬ 
centage of reactancebeaslowaslOpercent, will have its 
no-load copper loss multiplied by three,- and its no-load 
P X multiplied by seven. In a certain rather high- 
reactance motor, the normal no-load P R was 49 and 
the normal no-load P X was 119. Due to a 10 per cent 
fifth harmonic, the added P R was 33 and the added 
PX was 60. Repeated attempts to measure this 


added loss accurately proved failures, and the following 
test is submitted to illustrate the above claims without 
faying to cite an individual case of exact agreement 
between calculation and observation. 

In this rather unusual test, the stator of a wound- 
rotor induction motor was connected to the funda¬ 
mental terminals, while the rotor was connected to the 
fifth-harmonic terminals of a harmonic alternator.^ 
On the stator was impressed normal voltage and normal 
frequency continuously, while the fifth-harmonic voltage 
was varied from zero to 50 volts. Although tests with 
both directions of phase rotation of the fifth harmonic 
were made, the fifth-harmonic current and power data 
were alike in the two cases. From this test and two 
supplementary blocked-rotor tests, sufficient data w^e 
obtained to plot the curves of Fig. 2, which show the 
PR and PX plotted as a function of the per cent 
harmonic. In this case, a 20 per cent fifth harmonic 
doubles the no-load P R and multiplies the no-load 
P X by seven. 

Although at no-load the added PX appears quite 
significant, it usually is small in comparison with the 
reactive power needed for the excitation of the motor. 
In this case, the excitation required some 1350 volt- 
amperes. 

jAn induction motor supplied with non-sinusoidal 
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BBATOR Decreases with Increasing Induction-Motor Load 


e. m. fs. will take from the line some additional P X 
and P R. It will draw from the alternator harmonics 
of current which by internal drops will reduce the 
sources of non-sinusoidal e. m. fs. inherent in the 
alternator. Any alternator has a poorer regulation at 
frequencies higher than normal. To all but the funda¬ 
mental frequency, the running induction motor acts 
practically as if blocked, i. e., slip in the neighborhood 
of one. Therefore, for harmonics like the fifth and 
seventh, the induction motor at no-load will have a 
lower impedance than it has for the fimdamental. 
In such a case, the current per volt will be larger for the 
harmonic thanforthefundamental and with asufficiently 
large harmonic e. m. f. present, the harmonic current 
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may exceed the fundamental current. The alternator, 
however, has a poor regulation when operated on a 
harmonic. Consequently, an alternator which shows a 
14 per cent fifth harmonic at no-load will show a less 
per cent harmonic, (that is, 5 per cent), when operating 
unloaded induction motors, and this is illustrated by 
Fig. 3. In short, induction motors have some tendency 
to smooth out the e. m. f. wave of the alternator which 
is supplying them. The results of this test were 
obtained by use of the wave-shape meter. 
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Discussion 

B. L. Robertson t Last year at Penn State we did some work 
on the subject of synchronous motor operation with non- 
sinusoidal impressed voltages. I should simply like to point out 
as a discussion of the paper by Doggett and Queer that in line 
with wave shape improvements by induction motor, the modern 
synchronous motor by virtue of its armaturous winding will be 
just as effective in improving wave shape, likewise the synchro¬ 
nous converter. 

R. G. McCurdy: I should like to add one thought to the 
observations made on the effect of induction and small synchro¬ 
nous motors on wave shape given in this paper. They have 
pointed out the smoothing effect on the supply-system voltage 
wave shape due to the lower impedance of the induction and 
synchronous motors at the harmonic frequencies than at the 
fundamental. In addition to this effect there are the harmonics 
which may be added to the system due to the stator and rotor 
slots of these machines and due to non-sinusoidaJ. flux dis¬ 
tribution. The resultant effect on the wave shape of course 
depends upon the relative magnitudes of generator and motor 
harmonics and the impedances involved. My experience with 
measurements of wave shape on operating power system indicates 
that large alternators have lower harmonics than many of the 
smaller induction and synchronous motors coimected to the sys¬ 
tem, so that the over-all tendency of this utilization apparatus 
is to increase somewhat the harmonics on the system ra^er than 
to decrease them as might be inferred from the data given in the 
paper. 


E. W. Henderson: An interesting point along a line very 
similar to that suggested by Mr. Doggett is that of the operation 
of an induction motor at sub-synchronous speeds with character¬ 
istics similar to the synchronous motor. It has been customary 
to explain the reduction of torque and the running of an induc¬ 
tion motor at sub-synchronous speeds as due to harmonies, the 
general idea being that the torque is reduced to a certain point 
but beyond it is increased. The usual method of indicating this 
on a diagram is to show the normal torque of the induction motor 
from starting to synchronous speed and on the same diagram in¬ 
dicate the torque which would be experienced due to the 
harmonic, these two being combined to show the dip in the 
torque curve. 

It is interesting to note that some investigation has been 
carried on by Mr. Dreese of the Lincoln Electric Co. on this sub¬ 
ject of the action of the induction motor as a synchronous motor 
at sub-synchronous speeds, and I understand that a paper will be 
presented by him at the next Winter Convention on this subject. 
This idea of the induction motor running as a synchronous motor 
at sub-synchronous speeds is a new one to me. By the use of a 
stroboscope, it has been noted that a motor running at sub- 
synchronous speeds will act identically as a synchronous motor 
and that when the load is increased, the angle of displacement 
will increase but the speed will continue to be constant. This 
action goes on up to the breakdown point, when of course the 
induction motor breaks away. Apparently in all respects, at 
sub-synchronous speeds, the induction motor acts exactly in a 
manner similar to a synchronous motor. I think that Mr. Dreese 
concludes that this is due to slot harmonics rather than line har¬ 
monies and I have mentioned it only because it is a case 
of reduced torque and is somewhat parallel to the cases cited by 
Mr. Doggett. 

L. A. Do^dett: The point made by Mr. McCurdy is true. 
We must consider the effect of the receiver apparatus just as well 
as the source apparatus and we have been studying the whole 
problem. 

I should just like to make one point in connection with his 
remarks. If, due to this, receiver apparatus harmonies do get 
out on the line, they are all ready for correction by such induction 
motors as may be present; that is, the action of the induction 
motor is ready to function, regardless of the source of this, 
disturbance. 

In the first paragraph of the paper, we have limited our dis¬ 
cussion to what I called time harmonics and I am interested to 
learn from Mr. Henderson that we shall probably get a paper 
which will cover this other interesting proposition of space, 
harmonics. 



Outdoor Hydrogen-Ventilated Synchronous 

Condensers 
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Synopsis.—Hydrogen is an excellent cooling medium for high¬ 
speed rotating electrical machinery. When it is substituted for air, 
a machine can be operated at a higher load with the same temperature 
rise and the windage loss is decreased to one-twelfth. Furthermore, 
since no oxidation can take place in this type of machine, the life 
of the insulation is increased and short circuit and corona troubles 
are very materially reduced. The machine is especially quiet, and 
it can be placed out of doors without increased expense. 


The first commercial application of hydrogen cooling for electrical 
machinery was made on a 12,S00-kv-a. outdoor synchronous con¬ 
denser. Another outdoor hydrogen cooled condenser designed along 
these lines rated W,000 kv-a., is also in operation. Both condensers 
were placed in service in 1928 and their performance has been very 
satisfactory. This paper describes the construction of the machines 
and reviews the advantages and disadvantages of hydrogen cooling. 


I. Introduction 

Advantages in Ventilating a Machine with Hydrogen 

HE characteristics of hydrogen gas, which make it 
desirable as a cooling medium for high-speed rotat¬ 
ing electrical machinery, are as follows: 

Low Density of Hydrogen. Hydrogen is a colorless, 
odorless, tasteless gas whose density is only 7 per cent 
that of air. The windage loss of a rotor is approxi¬ 
mately proportional to the density of the gas in which 
it rotates. Thus, the windage loss of a rotor running 
in an atmosphere of pure hydrogen is only 7 per cent 
of the air loss. It was found to be entirely practical 
to maintain a gas mixture in a machine of 99 per cent 
hydrogen and 1 per cent air, etc., and so a windage loss 
of only 8 per cent of the air loss is realized. The de¬ 
creased windage loss also decreases the amount of heat 
to be removed from the machine, and the size of the 
surfacecooler can be reduced when hydrogen is used as 
a cooling medium. The bearing friction loss is the 
same in hydrogen as in air. 

, High Thermal Conductivity of Hydrogen. Hydrogen 
conducts heat about seven times better than air and the 
specific heat of a gram of hydrogen is about 14.5 times 
that of a gram of air. Consequently, heat passes across 
the small spaces in the insulation and between the lam¬ 
inations, etc., much more readily than with air cooling; 
and so the internal copper temperature, for a given 
surface temperature, is less in hydrogen than in air. 

High Forced Heat Convection of Hydrogen. In an at¬ 
mosphere of hydrogen 30 per cent more heat can be 
transferred from heated surfaces than in air with the 
same surface temperature drop. Furthermore, when 
the hydrogen comes in contact with a surface cooler, 
more heat can be transferred to the cooler than with air. 
This again enables a smaller surface cooler to be used; 
or with the same cooler a lower cooling medium tem¬ 
perature is realized, and the internal temperature of the 
coil is still further reduced. The bearing temperature 
is also less in hydrogen than in air. 

*A-C. Eiigmee:^g Department, General Bleotrio Co., Sche¬ 
nectady, N. Y. 
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The reduction of windage loss, the increased thermal 
conductivity, and forced heat convection of hydrogen re¬ 
sult in an increased output of 25 per cent or more, 
depending upon the hydrogen pressure used, the type 
of ventilation employed, the degree of saturation in the 
magnetic structure, and the stability required. 

No Combustion Possible in an Atmosphere of Hydrogen. 
There is no oxygen or dirt present in the machine, and, 
consequently, a combustion cannot take place. This 
eliminates the need of &e extinguishing apparatus. 
The burning of iron and insulation following a ground or 
short circuit is reduced to a minimum. The insulation 
retains its flexibility, and its life, therefore, is greatly 
increased. The bearing lubricating oil remains clean 
and it does not oxidize or sludge so readily as in an air 
cooled machine. 

Detrimental Effect of Corona Reduced to a Minimum. 
The thickness of the armature coil insulation is governed 
partly by the high-voltage gradient and the formation 
of corona in the minute spaces of the insulation. Tests 
have demonstrated that the damage caused by corona 
is practically absent^ in an atmosphere of hydrogen. 
Not only will this increase the insulation life, but it will 
allow a thinner insulation to be used or a greater factor 
of safety to be secured. These factors will not only 
make it easier to build machines of present day voltages, 
but they will make it possible to employ higher voltages 
in the future. A 24,000-volt, 15,000-kv-a. hydrogen- 
ventilated synchronous condenser, now under construc¬ 
tion, gives evidence of this trend. 

Finally, the absence of corona damage to varnished 
fabric insulations will permit their use on high-voltage 
machines with a substantial decrease in cost. The 
greater impulse voltage strength of varnished fabric 
as compared to mica insulation thus gives the hydrogen 
cooled machine a further advantage for installations 
where high-voltage surges are likely to be experienced. 

Outdoor Operation. At practically no increase in 
cost a hydrogen-ventilated machine can be made suit¬ 
ably weather-proof for outdoor operation. This effects 
a great saving in building expense. 

Quiet Operation. The windage noise of a totally 

1. For references, see Bibliography. 
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enclosed hydrogen cooled machine is very much less 
than that of an air cooled machine. Thus, a hydrogen- 
cooled machine is exceptionally- quiet and it can be 
placed outdoors in a residential district where a noisy 
machine would be very objectionable. 

Disadvantages in Ventilating with Hydrogen 
Safety Precautions. When hydrogen cooling was 
first proposed, some difficulty in preventing accidental 
explosions was anticipated. The increasing familiarity 
with the problem and the extensive use of hydrogen for 
many industrial purposes such as brazing, annealing, 
welding, etc., indicate that there should be no difficulty 
with this problem. The Schenectady factory of . the 
General Electric Company uses 30,000,000 cu. ft. of 
hydrogen per year without experiencing any difficulty 
from this source. Every city has one or more gasom¬ 
eters containing many thousands of cubic feet of gas 
which, though not explosion-proof, give practically no 
trouble. The following table gives the stored energy 
in a steam boiler, in a large turbine-generator rotor, 
and in the gas of a hydrogen-ventilated synchronous 
condenser when it contains the most explosive mixture 
of air and hydrogen. 

Stored energy ft-lb. Per cent 

Steam boiler 

2000 boiler hp. 6000 X 10® 100 

Large turbine-generator rotor. 300 X 10® 6.0 

Hydrogen-ventilated machine con¬ 
taining 1000 cu. ft. of the most 
explosive mixture of air and h.y- 

drogen at atmospheric pressure.. 70X10® 1.4 

It is quite evident that a hydrogen-ventilated synchro¬ 
nous condenser has very much less potential explosive 
force than other apparatus in common use. 

A mixture of hydrogen and air will not explode if 
the hydrogen content, by volume, is more than 70 
per cent or less than 10 per cent. If a machine is 
scavenged with carbon dioxide before it is filled with 
hydrogen, no explosion can take place when it is started 
for the first time. The hydrogen pressure in the ma¬ 
chine is automatically maintained slightly above at¬ 
mospheric pressure. This prevents air from leaking 
into the machine, and eventually the hydrogen purity 
will reach that of commercial hydrogen which is usually 
around 99 per cent. It has been found that a hydrogen 
purity of 98 per cent can be obtained in a few hours 
after a machine is filled with hydrogen. A hydrogen 
purity indicator can be made to ring an alarm if the 
purity falls below normal. A fan pressure gage cali¬ 
brated to read hydrogen purity gives an instantaneous 
reading of the hydrogen purity in the machine when it 
is in operation. Thus, the possibility of an explosion 
is veryremoteifthemachineisgiven ordnary supervision. 

Increased Disassembly Expense. If a hydrogen- 
ventilated condenser must be disassembled for repairs, 
more time will be consumed and more expense will be 


involved than with a standard air-cooled machine. On 
the other hand, it should not be necessary to dismantle 
the hydrogen-ventilated machine so often because of its 
longer insulation life, its lower bearing and internal coil 
temperature, and the absence of dirt. It is believed, 
therefore, that the total maintenance expense over a 
period of years will be less for the hydrogen-cooled 
machine. 

Increased Number of Auxiliaries. As with any auto¬ 
matic or remotely controlled electrical equipment, so 
with a hydrogen-cooled machine a number of auxiliary 
devices is necessary. These devices consist of an auto¬ 
matic hydrogen pressure control, a hydrogen purity indi¬ 
cator, thermometers with alarm attachments, water 
coolers, and the control for the motor-driven exciter 
set. The accessories, however, have been found to be 
reliable on other apparatus and since they do not repre¬ 
sent a very large addition to the usual amount of acces¬ 
sories, it is believed that they will operate satisfactorily. 

II. Hydrogen Cooling can be Easily Applied to 
A Synchronous Condenser 

It is unnecessary to have the shaft of a condenser 
extend through the gas-tight shell as in the case of a 
turbine generator, and so a seaP of any kind around the 
shaft is not required. With this arrangement, the con¬ 
struction of the machine is simplified because the entire 
machine, including the bearings and shaft, can be en¬ 
closed in a gas-tight shell. 

III. Description op Outdoor Installation 

Fig. 1 shows the 12,500-kv-a. hydrogen-ventilated 
synchronous condenser completely installed at the Paw¬ 
tucket, R. I. Substation of the New England Power 



Fig. 1—The Fibst Outdoor Htdrogbn-Vbntilated Syn- 
CHRONOvs Condenser, 12,500-Kv-a., 900-Rbv. per Min., 
Three-Phase, 60-Cyolb, 13,800-Volts. New England Power 
Co., Pawtucket, R. I. 

Company. This condenser is the first of its kind ever 
built. It is located out of doors without any protection 
from the weather, but is placed over a pit which is made 
weather-proof by a substantial sheet-iron covering. 
Along side of the condenser are located the switches, 
starting compensator, transformers, and lightning ar- 
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resters. Fig. 2 shows this condenser with the end head 
removed and Fig. 3 a sectional view of the machine. 
These views show the semi-circular surface coolers, the 
bearing housing and its fabricated support, the high- 
voltage armature terminals, the collector housing, and 
the construction of the gas-tight frame. The bearings 



Fia. 2 —12,500-Kv-a. Hydeogen-Ventilated Synchronous 
Condenser with End Head Removed 

can be filled with oil and drained without dismantling 
the machine or losing any hydrogen. 

Fig. 4 shows the 20,000-kv-a. condenser located near 
Charleston, W. Va., at the Turner Substation of the 
Appalachian Electric Power Company. This machine 
is also placed out of doors and it has the same design as 



Pig. 3—Sectional View op the 12,500-Kv-a. Hydrogen- 
Ventilated Synchronous Condenser 

the 12,500-kv-a. condenser except that its capacity is 
higher. Mg. 5 shows the 20,000-kv-a. condenser 
assembled on the test floor. The two ladders enable 
the operator to manipulate the vent valves on the top 
headers of the coolers and the hydrogen valves at the 
top of the machine. The field collector is located in the 
small housing which is bolted to the end head. A high¬ 


speed induction motor-driven exciter set, located inside 
of the substation, furnishes the excitation. 

Mg. 6 shows the weather-proof pit beneath the con¬ 
denser. In this pit are located the cooling water cir¬ 
culating pump, the oil pump for filling the bearings and 
furnishing high pressure oil for starting, the hydrogen 
supply tanks, the hydrogen pressure gage, the indicating 
thermometers, the automatic hydrogen pressure con¬ 
trol, the rotor fan pressure gage for indicating the 
hydrogen purity when the machine is in operation, the 
thermal cell of the hydrogen purity indicator which 
indicates the hydrogen purity at all times, and the 
various valvesfor controlling the water, oil, andhydrogen. 

IV. Explosion-Proop Frame 

The stator frame consists of three sections and two 
heads bolted together as shown by Mg. 3. The main 
joints of the frame are gasketed gas-tight and they have 
practically no hydrogen leakage. The large middle 



Pig. 4—^The 20,000-Kv-a., 900-Rev. per Min., Three- 
Phase, 60-Cyclb, 11,500-Volt Outdoor Hydrogen-Venti¬ 
lated Synchronous Condenser. Appalachian Electric 
Power Co., Charleston, W. Va. 

section holds the armature punchings and windings and 
the two smaller sections hold the internal surface coolers 
and bearings. The three sections are supported on 
base rails with feet. All piping and connections, except 
the hydrogen inlet pipe and the field winding terminals, 
are brought out at the bottom of the frame in the pit. 
The frame is fabricated entirely from steel plate. The 
elimination of castings, which are sometimes porous, 
is not only in keeping with present day dynamo ma¬ 
chine construction, but it insures minimum hydrogen 
leakage. 

In order to minimize the effect of an explosion re¬ 
sulting from careless operation, these conden§ers were 
provided with a cylindrical explosion-proof frame de¬ 
signed to resist the disruptive force of the most ex¬ 
plosive mixture of hydrogen and air at atmospheric, 
pressure. The frame of the 12,500-kv-a. condenser 
without windings, coolers, and piping, was filled with 
the inost explosive mixture of air and hydrogen, and the 
gas was ignited with a spark plug. No damage 
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resulted from the explosion which developed a maximum 
pressure of 85 lb. per sq. in. as recorded by an instanta¬ 
neous pressure recorder. If the machine had been com¬ 
pletely assembled with all of the various metallic parts, 
especially the coolers, the pressure would have been 
only about 50 lb. per sq. in. This test also showed that 
an explosion woidd have no detrimental effect on the 
insulation. It is very unlikely that the gas in the ma¬ 
chine will ever reach the most explosive mixture of air 
and hydrogen of 5 to 2 by volume. For any other gas 
mixture, the explosive force would be very much re¬ 
duced. The theoretical pressure of 180 lb. per sq. in. 



Ii«. 6—^20,000 -Ky-a. Hydrogen-Ventilated Stnchhonoits 
Condenser Assembled on the Test Floor 

with an air-hydrogen explosion could be obtained only 
if no heat were absorbed by the explosion chamber and 
its contents. 

V. Armature Winding 

The armature winding consists of multi-turn coils 
insulated entirely with mica, bonded with black in¬ 
sulating varnish. The individual turns are also in¬ 
sulated with mica throughout their entire length. The 
armature coils have the standard insulation thickness 
for air operation, and in addition to the vacuum-filling 
treatment, the coils were covered with an oil resisting 
varnish to prevent any oil vapor, if present, from pene¬ 
trating the coil insulation. The six armature leads are 
brought out through gas-tight terminals as shown by 
Fig. 3. 

VI. Carbon Seal 

It was previously stated that no shaft seal was re¬ 
quired because the shaft did not extend through the 
shell. However, it was thought advisable to place a 
seal around the shaft where it enters the collector 
houang*in order that the collector brushes might be 
adjusted and renewed without losing an appreciable 
amount of hydrogen from the main shell. This seal 
obviously does not function unless the collector housing 
end plate is removed. The seal consists of a carbon 
ring which is held against a shoulder on the shaft by a 
bellows and six springs equally spaced around the shaft. 


VII. Hydrogen Ventilation 

Each end of the frame contains two semi-circular 
surface coolers as shown by Fig. 2. The cooler heads 
can be removed and the tubes cleaned without dis¬ 
mantling the machine or losing any hydrogen. The 
four cooler units are piped in multiple, and air vents 
and drain valves allow the coolers to be thoroughly 
drained to prevent any water in the cooler from freezing 
in the winter if the machine is not in use. 

The rotor poles and fans force the ventilating gas 
through the stator ducts to the back of the stator frame. 
Then the gas passes through the semi-circular coolers 
and is returned to the rotor and recirculated. Pro¬ 
vision is made for ventilating the collector housing by 
circulating hydrogen through the housing by means of 
two pipes as shown by Fig. 5. Two dial thermometers 
indicate the temperatures of the ventilating gas before 
and after it passes through the cooler. If the tempera¬ 
ture of the gas leaving the cooler exceeds 40 deg. cent., 
the thermometer rings an alarm. Indicating ther¬ 
mometers also ring an alarm if the bearing temperature 
exceeds 70 deg. cent. 

VIII. Hydrogen Leakage 

An automatic pressure regulating switch and valve 
maintain the hydrogen in the machine always slightly 
above atmospheric pressure to prevent air from leaking 
into the shell. The hydrogen pressure in the machine 
varies with its internal temperature. The average 
pressure is around H lb. per sq. in. and the leakage of 
the machine itself at this pressure is about 6 cu. ft. 
per day which costs around 10 cents. The hydrogen 



Fig. 6—^Weather-Proof Pit of the 20,000-E1v-a. Outdoor 
Hydrogen-Ventilated Synchronous Condenser 

purity indicator wastes a small amount of hydrogen 
for its thermal analysis. Thus, the total hydrogen cost 
is very small, from 15 to 20 cents per day, depending 
upon how much is used by the hydrogen purity indicator. 

IX. Increased Output 

The excellent cooling properties of hydrogen enable a 
given machine to operate at an increased output at the 
same temperature rise. If the hydrogen pressure is in- 
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creased above atmospheric pressure, the output can be 
further increased. Numerous heat runs were made in 
which the hydrogen pressure was increased in steps up 
to 25 lb. per sq. in. These tests indicated that a hy¬ 
drogen pressure of 15 lb. per sq. in. gave the best results. 
If the pressure is increased above this amount, the 
windage loss increases appreciably and the gain in 
output is not so marked. 

The following table shows how the output of salient 
pole high-speed condensers increases with the same 
temperature rise when hydrogen is used for the cooling 
medium. 


Cooling medium Machine output 


Air at atmospheric pressure. 100 per cent 

Hydrogen at a pressure slightly above at¬ 
mospheric pressure. 125 per cent 

Hydrogen at a pressure of 15 lb. per sq. in. above 
atmospheric pressure. 140 per cent 


Naturally, these figures will vary with different types of 
machines. The field winding is usually the limiting 
feature because it is more difficult to ventilate, and 
magnetic saturation and stability impose more limita¬ 
tions on the rotor than on the stator. 

X. Decreased Losses 

The introduction of hydrogen into a machine reduces 
the rotor windage loss to about eight per cent of its 
loss in air. The following table shows the saving in 
windage loss of the two condensers: 


Machine capacity 
kv-a. 


Reduction of vrindage loss 
accomplished by hydrogen 


20,000 85kw. (0.42 % of machinerating) 

12,500 61kw. (0.41 % of machinerating) 


The internal copper temperatures are less with hydrogen, 
and so the copper losses will be slightly reduced. Fig. 7 
shows the total losses of the 20,000-kv-a., three-phase, 
60-cycle, 11,500-volt hydrogen-ventilated condenser at 
various loads. The losses are given for air at atmos¬ 
pheric pressure, for hydrogen slightly above atmos¬ 
pheric pressure, and for hydrogen at 15 lb. per sq. in. 
At 20,000 kv-a. the tot^ loss of this condenser in 
hydrogen is only 1.5 per cent. 

XL Cost op Hydrogen-Ventilated Synchronous 

CONDENDERS 

The initial cost of any new type of apparatus is 
usually high, and the development of hydrogen-cooled 
machines has not yet reached the point where its cost 
alone is the same as that of a standard air-cooled ma¬ 
chine of the same size. The gas-tight construction, the 
water coolers, and the auxiliary control features natu¬ 
rally increase the cost which is partly offset by the in¬ 
creased rating obtainable. However, the value of the 
improved efficiency due to the lower windage loss 
(Fig. 7) will probably prove the deciding factor in any 


cost comparison. The capitalized value of the two 
per cent losses of a synchronous condenser is about the 
same order of magnitude as the first cost of the con¬ 
denser installation, so that any reduction in the losses is 
of the same economic value as an equal reduction in 
cost. Thus, when decreased losses, increased capacity, 
lower internal temperatures, reduced fire risk, longer 
insulation life, cleanliness, quietness, and saving in 
building expense (outdoor operation) are capitalized. 



Pig. 7—^Total Losses ov the 20,000-Kv-a., 11,600-Volt, 
60-Cyolb, Hydrogen-Ventilated Synchronottb Condenser 

a large hydrogen-ventilated machine has a real economic 
justification. 

Conclusions 

The results obtained on these two hydrogen-ventilated 
synchronous condensers to date have been very en¬ 
couraging and three more machines, rated 15,000-kv-a., 
are under construction. Not only have the hydrogen 
features of the machines performed satisfactorily, but 
during the past winter the machines have operated 
successfully out of doors with no protection from the 
weather. Thus outdoor synchronous condensers, 
whether air or hydrogen cooled, should give reliable 
service at a reduced overhead expense. 

, Electrical manufacturers are constantly striving to 
improve the efficiency and the ventilation of rotating 
machinery. High grade magnetic steel, transposed 
armature windings, correct magnetic structure shapes 
and proportions, improved rotor fans and ventilating 
ducts, thinner and more compact insulation, etc., all 
tend to reduce the losses and the size of a machine. 
However, these refinements have been worked over so 
exhaustively that further improvements in performance 
characteristics by these means will perhaps be relatively 
small. Any appreciable gain must come by the way of 
a radical change in the machine structure, materials, or 
ventilating medium. Hydrogen cooling is one of these 
radical departures from tradition which opens new 
avenues of progress and rotating machines with 99 
per cent efficiency may soon be a reality. 
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Discussion 

Philip Sporn: The use of hydrogen as a medium in -which to 
operate rotating machines is, I believe, a logical development 
and a big step forward. The logical expansion of this develop¬ 
ment should be its application to turbo alternators. Here, of 
course, the problem of designing an explosion-proof frame is 
not as simple as in the case of the condenser, but the experience 
gained with the synchronous condenser may definitely indicate 
that such precautions and safeguards are not at all necessary. 

The use of hydrogen offers the solution to another problem 
that -mthout hydrogen is not so simple to solve. I refer to the 
use of voltages of the order of 33,000 or higher for turbo alter¬ 
nators—^voltages which we undoubtedly must employ if the 
size of machines continues to grow. Where the impulse-strength 
problem does not have to be considered, hydrogen coupled with 
other developments in insulation means an almost certain 
assurance of continuity of service as far as the high-voltage 
phase of the problem is concerned. 

Another development that the further expansion of the use 
of hydrogen -will make possible is the outdoor steam generating 
station. The total or partial elimination of the turbine room 
■will certainly reduce costs. 

At "the Turner substation of the Appalachian Electric Power 
Company (one of the subsidiaries of the American Gas and 
Electric Compauy) we have had a 20,0(X)-kv-a. hydrogen con-, 
denser in very satisfactory operation for almost six months. 
We have had slightly more leakage of hydrogen than has been 
indicated by Mr. Wiesemah; it has been of the order of 75 to 
100 cu. ft. a week, but some of this loss is undoubtedly due to 
very small leaks in the piping that have not been detected. 

On two additional hydrogen condensers which are being 
built for subsidiaries of our company, we expect to reduce this 
figure considerably by eliminating the bubbling of gas to the 
atmosphere for sampling purposes. Instead, the sampling -wriU 
be taken care of by a continuous circulation of hydrogen through 
the thermal sampling cdl, the sample gas being returned to 
the machine. 

L. L. Perry* With mine-mouth central stations and reliable 
transmission lines such as Mr. Spom’s company has been operat¬ 
ing for many years, the fuel cost is below the fixed charge on 
the investment when the capacity factor climbs up around 0.08. 
The economy curve of fuel consumption cannot be expected 
to drop in the future as rapidly as in the past. Hence 
the investment cost per kw. that averages around $100 is now 
getting the attacks of executives, and the thought expressed by 
Mr. Spom is a very natural one. 

High-tension bus bars about twenty years ago began to go 
outdoors, although some 220-kv. busses in the mountain country 
still linger inside. Soon oil circuit-breakers and transformers 
followed the trend toward the out-of-doors, especially at high 


voltage. Now we are putting the generator busses, instrument 
transformers, circuit breakers, and connections outdoors, and 
enclosing them all in metal. With the hydrogen-cooled generator, 
there is a strong incentive to do as Mr. Sporn suggests. If 
the hydrogen escapes to the air, rather than to the closed turbine 
room, the chance of a confined explosive mixture is reduced. 
But we must not overlook the fact that we shall have to watch 
for effects produced by the greater range of temperatures and 
be prepared to take such precautions as will insure at least as 
good, if not greater, reliability of service from these generator 
units than we get now in the enclosed turbine room. 

The wider use of electricity goes hand in hand with the demand 
for greater reliability. We are really now more or less pulling 
ourselves up by our bootstraps. We go to the designing engi¬ 
neers and ask for a larger generator. They give us a larger 
generator which has probably as great reliability as in the past, 
if not greater, and probably reduces our cost of operation and 
that increases the demand for electric current. If we get the 
greater reliability as well as the lower cost, that means we go 
again and ask for still larger machines. So we are getting to 
the point where the designing engineer may be forced to use the 
hydrogen in order to meet the demands of the power companies 
for the larger apparatus. 

C. J. Fechheimer* In the applications of hydrogen to the 
large turbine generator the construction shown in this paper 
cannot be used for the reason that it is necessary to bring a 
shaft through the end bells and then according to our calcu¬ 
lations, it would seem not to be feasible to make the structure 
explosion-proof. The stresses in the end bells become prohib¬ 
itively high in the event that an explosion should take place. 

In regard to the danger of an explosion, it seems that, in golf 
parlance, this is a “mental hazard.” We are naturally afraid 
of explosions, but the risk involved is almost nil if precautions 
are taken as suggested by Mr. Wieseman. If the generator is 
first scavenged -with an inert gas, such as carbon dioxide or 
nitrogen, you can quite readily get the mixture of the inert gas 
and air such that when followed by the incoming hydrogen, 
the explosion danger will disappear entirely. 

There are various ways of computing the amount of scaveng¬ 
ing gas needed. One explosion limit is 70 per cent hydrogen 
and 30 per cent air. The scavenging gas is introduced so as 
to secure a mixture of 30 per cent air and 70 per cent inert gas, 
although it may not be necessary to go quite that far. Then 
hydrogen is introduced, the mixture of other gases beii^r expelled 
simultaneously. There is then no danger, even though some 
means of ignition be present. The amount of scavenging gas 
needed can be computed on the assumption that there is perfect 
diffusion, which is a conservative basis for computation. In 
that ease it can be shown that the following formula applies: 

Volume of gas put into machine 
Space in generator which is occupied by gas 

- „, Per cent of machine volume that is air initially 

= 2.3 logio =:- - 

Per cent of machine volume that is air finally 


In this case, the right-hand side becomes: 2.3 logio 


100 

30 


1 . 2 . 


That is, only 1.2 X machine volume of inert gas need be 
introduced to secure safety against explosion. 

When going the other way, that is, when changing from 
hydrogen to air, the same ratio does not hold. The same method 
of computation may be used, substituting the word “hydrogen” 
for air. For safety, -the hydrogen content should be reduced to 
about 10 per cent, with 90 per cent inert gas. If there were 
100 per cent hydrogen initially, about 2.3 volumes of inert gas 
would be required. 

In regard to the explosion limi t, I might point out one or two 
other comparisons. Practically every householder in the United 
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States uses gas in the home, for heating, or cooking, and we sel¬ 
dom hear of an explosion, but the potential risk there is greater 
than it is in a hydrogen-cooled machine with the precautions 
that are taken for safety. 

Also in oil circuit breakers, there are far greater risks from the 
explosion standpoint than in a hydrogen-cooled machine. My 
own opinion is that in a few years we will get over the scare and 
our synchronous condensers will not have to be made explosion- 
proof. 

In the design of the synchronous condenser or any other 
machine in which hydrogen cooling is to be- used, it becomes 
increasingly important to know about how much volume of gas 
will be circulated in the machine and what the velocities and 
pressures are, in order intelligently to design the coolers, the 
fans, and other parts. Therefore, a systematic study of venti¬ 
lation of this type of machine is of great importance. At the 
Westinghouse Company, this study has been going on for a 
number of years and is about completed at the present time. 
It is interesting to note in this connection that the volume of 
gas per unit of time calculated is substantially the same with 
hydrogen as it is with air; that is, if the only change is that of 
substituting hydrogen for air. The pressure of the gas naturally 
falls in proportion to the density. 

Mention is made in the paper that the fans on the machine 
were used for measurement of the percentage of hydrogen, 
the pressure drop across the fan being a measure of the density 
of the gas and from the density of the gas the percentage of 
hydrogen can be deternained. In oxir own work we have found 
an external fan to be more convenient, particularly as this de¬ 
vice can be used when the main unit is shut down, whereas by 
the method suggested by Mr. Wieseman, the scheme is inopera¬ 
tive when the synchronous condenser is not running. Use is 
made of a very small fan driven by a substantially constant- 
speed motor. 

In the design of machines of this type, it is of value to investi¬ 
gate whether the flow of the gas in the vent ducts is laminar 
or turbulent. Laminar flow pertains to flow in layers, and turbu¬ 
lent flow pertains to whirls or eddies. With turbulent flow, the 
heat is transferred from the surface to the gas better than with 
laminar flow. The change from laminar to turbulent flow is 
dependent upon the velocity, density, and viscosity of the gas. 
It is quite possible that in parts of some of the vent ducts the 
flow may change from the turbulent to the laminar state, when 
changing from air to hydrogen, and the designers should be 
guided accordingly so that high local temperatures will not be 
reached. Investigations along this line have been conducted 
recently, by G. W. Penney, but we are not yet ready to report 
upon them. 

The use of structm’al steel in this application is important. 
If the signal advance in the last few years in changing from cast¬ 
ings to structural steel had not been made, it is possible that 
these machines coxild not be operated with the very small leak¬ 
age as we do today. It is largely because we are able to weld 
steel and make the joints very tight that the very small leakage 
as reported by Mr. Wieseman has been obtainable. 

In regard to the cost, according to the calculations which we 
have made, it would seem that in the large machines, the costs 
will not be as great as Mr. Wieseman has found. Costs can 
not be based upon one or two machines, because the first ma¬ 
chines are always far more expensive than those which are made 
later. It is diflBcult at present to say what these costs will 
be, but for the same rating, not for the same machine, (with 
smaller machines for hydrogen than for air), it would appear 
that the cost would be less for the hydrogen than for the air¬ 
cooled machine. 

L. A. Do^iett: The paper states, “A mixture at hydro¬ 
gen and air will not explode if the hydrogen content, by volume, 
is more than 70 per cent or less than 10 per cent.” 

Now there is no question that the manufacturer can maintain 


better than 70 per cent inside the apparatus. Equal care should 
be used to keep the percentage outside less than 10 per cent. 
On Jan. 15, 1926, there occurred inside the submarine E-2 at 
the Brooklyn Navy Yard, a disastrous explosion, due to hydrogen 
escaping from the Edison battery. Subsequently the submarines 
were equipped with hydrogen detectors which sounded an alarm 
at 2 per cent of hydrogen. 

Therefore every precaution should be taken to see that 10 
per cent mixtures cannot occur in any confined space in the 
neighborhood of the apparatus. The only possibility of this 
occurring is when the apparatus is indoors or when there are 
poorly ventilated inverted pockets near the apparatxis when out¬ 
doors. 

B. A. Behrend: I should like to review the problem of 
hydrogen cooling from a little different and perhaps a little 
broader angle. I believe that it will be essential within the 
immediate future to use almost exclusively out-of-door installa¬ 
tions. Our transformers, switches, and generating units wfll 
be placed outdoors. If such apparatus is placed out-of-doors, 
the methods of ventilation will naturally undergo careful scrutiny. 
For the last forty years we have designed electric generating 
units with air cooling. We are now beginning to scan the medium 
of cooling these units. Mr. Wieseman and Mr. Fechheimer 
have told us that they have obtained good results with hydro¬ 
gen. But there are, of coxxrse, other means of cooling. 

In Europe oil-cooling of stators has been discussed. Oil as a 
cooling medium should be scrutinized before hydrogen cooling 
is too generally adopted as the best solution for cooling large 
generating units. 

With the development of non-corrosive metals, especially 
copper-nickel alloys like Monel metal, we are in a much better 
position to make safe out-of-door electric generating units or 
synchronous condensers, because we may expose the metal 
continually to the weather without danger of corrosion. 

As regards the size of the individual units, I predicted in 1907 
that we should have to go to 25,0(X) kw. 

We then predicted larger units than 25,000 kw., setting the 
limit at approximately 100,000. A year and a half ago, I stated 
in New York that I believed the final limit woxild be about 
200,000 or 250,000 kw. 

It is interesting to put on record here that I believe the limit 
of individual generator capacity will be approximately 250,000 
kw. and that even the power companies will not ask us for greater 
< capacities. 

F. D. Newbury: I am sorry so much has been said about 
explosions. I think it has already been over-emphasized. 
Mr. Wieseman has pointed out that the 15,000-kv-a. condenser 
has less than 2 per cent of the possibility of danger of the 2000 
hp. steam boiler. Yet he has made the condenser explosion- 
proof. I believe Mr. Wieseman will agree that this is a con¬ 
cession to our fears and not in accordance with the facts of the 
situation. 

When we come to the real problem, the application of hydro¬ 
gen cooling in turbine generators, it will be exceedingly difficult, 
if not impossible, to make the casing heads sufficiently strong 
with the necessary hole in the center for the shaft. So I feel 
that it is unfortunate that these first machines have been made 
explosion-proof when we cannot conveniently continue the 
practise, and when, as I believe, the practise is not justified by 
the conditions. 

The second point I would make is that the outdoor instal¬ 
lation is not necessarily tied up with the hydrogen cooling; 
closed-circuit air cooling is equally applicable. It is also unneces¬ 
sary to consider that a hydrogen-cooled machine must be placed 
out-of-doors. In our experimental work in East Pittsburgh, we 
had a 7500-kv-a. turbine generator in a special test room just 
about large enough to contain the apparatus. Due to faulty seals 
there was a leakage of about 40 cu. ft. per hr., instead of that 
amount per week, and in spite of the comparatively small room 
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there was no dangerous contamination of the air. So certainly 
with any commercial leakage factors and with reasonable room 
size, leakage is no reason for putting a hydrogen-cooled machine 
out-of-doors. 

C. M. Gilts I am very glad to see the commercial develop¬ 
ment of hydrogen cooling and we hope to see it applied shortly to 
turbo alternators where the advantage would appear to be 
greatest. 

Between two and three years ago, the Brooklyn Edison Com¬ 
pany gave serious consideration to hydrogen cooling for a 36,000- 
kv-a. frequency changer which we expected to install. We did 
not believe it worth the cost to make the housings explosion- 
proof and our designs were for an outdoor installation in order 
to keep the cost at a minimum. 

Even though the unit would be rated 35,000 kv-a., with a 
relatively high peripheral speed for a frequency changer, the 
gain nlade by reducing the size would not offset the incr^sed 
cost of the enclosure and the reduction in losses would not equal 
the extra carrying charges of the hydrogen-cooled machine as 
compared with an air-cooled machine installed in a building. 

1 have a suspicion that if all the cumulative advantages of 
hydrogen cooling, such as thinner insulation and the consequent 
over-all reduction in size, were adopted, even the relatively low- 
speed frequency changer might show economic advantages. 
Naturally, the conservatism of operators and manufacturers 
restrains one from going all the way in the reduction of size which 
may be found possible with the hydrogen cooling, but I expect 
that we will see marked economies in the design following the 
early experience in operation of hydrogen-cooled apparatus. 

H. W. Browns I should like to ask Mr. Wieseman whether 
he has taken into account the advantage in design, resulting in 
longer life of a machine that is not in an atmosphere containing 
oxygen. Generally there is deterioration of the insulation by 
oxidation. This does not apply to conductors that are not ex¬ 
posed to the air, but in other conductors there is a deterioration 
which is greater at high than at low temperatures. It would 
seem, then, that where the windings are in an atmosphere of 
hydrogen we could either have a longer life of a machine with the 
same rating, or the same life with a higher rating. 

I. A. Terrys Mr. Gilt refers to the application of hydrogen- 
ventilation to frequency converters. There are two problems 
in connection with such an installation which require careful 
consideration. One relates to stability; the other is a mechan¬ 
ical problem. 

In the introduction of his paper Mr. Wieseman pointed out 
that the advantages in ventilating a machine with hydrogen 
result in an increased output of 25 per cent or more, depending 
upon various factors, one of which is the stability required. 
Assuming that lagging kv-a. is not important, this would mean 
that a 10,000-kv-a. air-cooled condenser could be rated 12,500 
kv-a. when hydrogen-ventilated by increasing the field and 
armature current. It is not possible to increase arbitrarily 
the rating of a synchronous generator, if the same degree of 
stability is to be maintained, by simply increasing the armature 
current and field current. It has been shown* that the short- 
circuit ratio is a measure of the stability of a generator under any 
given set of operating conditions. And since the short-circuit 
ratio is inversely proportional to the stator current and directly 
proportional to the no-load field current, an arbitrary increase in 
the armature current must be accompanied by a proportional 
increase in the no-load field current if the hydrogen-ventilated 
generator is to have the same degree of stability as the present 
air-cooled machines. Similar remarks apply to the motor of a 
frequency converter, the stability being determined by the pull¬ 
out load, instead of the short-circuit ratio. 

The mechanical problem arises in making the frequency 
converter gas-tight. Mr. Wieseman pointed out that hydrogen 

*StabilUi/ Characteristics of Alternators, by O. E. Shirley, A. I. B. B. 
Trans., 1926, Vol. 46, p. 1108. 


cooling can be easily applied to a synchronous condenser, be¬ 
cause the entire machine, including bearings and shaft, can be 
enclosed in a gas-tight shell as contrasted with the application to 
a turbine generator where a shaft seal is required. In a frequency 
converter either shaft seals must be provided or the whole set 
enclosed in a large gas-tight shell. Both types of construction 
have certain advantages and disadvantages. In addition for 
parallel operation of frequency converters, if the operator is to 
have control of the load division, it is necessary to have one stator 
frame of the set arranged for rotating. This again complicates 
the construction of a gas-tight shell. 

R. W. Wieseman: Mr. Spom stated that operating experi¬ 
ence indicated a hydrogen leakage of 75 to 100 cu. ft. per week 
and that this was a little larger leakage than I mentioned in the 
paper. The paper gives the total cost of the hydrogen leakage 
as 15 to 20 cents per day, and this is just about the cost of 75 to 
100 cu. ft. of hydrogen leakage per week as given by Mr. Sporn. 

I quite agree with Mr. Fechheimer that the explosion risk of a 
hydrogen-cooled machine is almost nil if the machine is given 
ordinary supervision. The explosion problem is always associ¬ 
ated with any new development which utilizes an explosive ma¬ 
terial. This was anticipated when the first machine was built, 
and therefore the explosion-proof shell was used to make sure 
that no difficulty would be experienced. 

In regard to the amount of scavenging gas required, I think 
it desirable to displace practically aU of the air with carbon 
dioxide and then displace the carbon dioxide with hydrogen. If 
the machine is filled quickly little diffusion will take place and the 
volume of the inert gas used should be about the same as the gas 
volume of the machine. It is important that all of the carbon 
dioxide be expelled from the machine in order to obtain minimum 
windage loss, and for this reason it is desirable to scavenge with 
hydrogen qidte thoroughly. It is a simple operation to fill a 
machine with hydrogen. In fact it is not even necessary to use 
a hydrogen purity indicator for this operation, if an inert gas 
such as carbon dioxide or nitrogen is used to displace the air in 
the machine before the hydrogen is admitted. 

The external hydrogen-fan purity indicator mentioned by Mr. 
Fechheimer is a very good scheme. It operates under the same 
principle as the internal-fan method described in the paper. 
We use the internal-fan purity indicator only as a check on the 
thermoelectric hydrogen purity indicator which gives the purity 
of the gas whether the machine is in operation or shut down. The 
thermoelectric purity indicator is a direct-reading instrument 
and it does not require a driving motor. 

Mr. Fechheimer points out that the cost of hydrogen-cooled 
generators should be less than we obtained on synchronous con¬ 
densers. That naturally depends upon the capacity of the 
generator. Up to the present time, generators have been built 
which have about three times the capacity of the largest syn¬ 
chronous condenser. Naturally, the hydrogen features of these 
large generators should cost less than those of a condenser. 
Furthermore, the saving in windage loss is much more in the case 
of a large high-speed turbine generator. There are many factors 
which enter into the cost of a new type of machine and these 
factors are further modified by the location and the conditions 
at the substation or power plant. Consequently, at this stage 
of the development, it is rather difficult to give a ratio of the 
cost of a hydrogen-cooled machine to the cost of an air-cooled 
machine. 

Mr. Doggett has called attention to the explosion possibilities 
and points out that a minor explosion may even take place around 
the outside of an outdoor hydrogen-cooled machine. It should be 
remembered that hydrogen gas has only 1/14 the density of air 
and so it is practically impossible to have an explosion aroimd the 
outside of an outdoor machine because, if some of the hydrogen 
should escape, it would immediately rise and disappear. “In¬ 
verted pockets” aroxmd the outside of a machine are not to 
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be found. As a matter of fact hydrogen machines have been 
both inside and outside for a considerable time and no difficulty 
whatever has been encountered with explosions of any kind. I, 
therefore, do not agree with Mr. Doggett’s idea of hydrogen 
explosions; in fact I think the explosion possibilities of a hydro¬ 
gen-cooled machine have been very much overstressed. 

In replying to Mr. Gilt’s discussion, Mr. Terry cited two 
reasons why there is not so much to be gained in the use of 
hydrogen cooling for frequency-converter sets. Perhaps Mr. 
Terry has given the impression that the stability characteristic of 
a frequency-converter set will prevent hydrogen from increasing 
the rating of the set. A frequency converter, like any other 
dynamo machine, mustbe properly designed for hydrogen cooling, 
and although the increased rating will not be so high as in the 
case of a S3nachronous condenser, there is, however, a decided 
increase in the rating of the set which can be obtained with 


hydrogen. The real problem in applying hydrogen cooling to a 
frequency converter is not so much a stability problem as a 
mechanical problem; namely, keeping the armature frame gas- 
tight and also moveable for voltage phase shifting. 

Mr. Brown asked an important question, namely, how much 
the life of the insulation would be increased by hydrogen. As 
explained in the paper, tests have shown that in an atmosphere 
of hydrogen, corona damage is eliminated and no oxidation can 
take place. Just how much the insulation life will be increased 
by these factors is a matter of opinion at the present time be¬ 
cause there is not much information on the subject available. 
The increase in the life of a varnish-fabric insulation would 
certainly be much more than that of mica insulation. If the 
hydrogen-cooled machine is not overloaded or abused, its insula¬ 
tion should have about twice the life of the insulation of an air¬ 
cooled machine. 



Short-Circuit Torque in Synchronous Machines 

without Damper Windings 

BY G. W. PENNEY* 


Associate, 

Synopsis. —The torque -produced by a short circuit is first 
discussed in a general way, showing that it is pulsating in nature. 
The average value of torque is determined by the resistance and other 
energy losses but the instantaneous value rises far above the average 
value. The major part of this pulsating torque is produced by the 
change in stored magnetic energy. General equations are derived 
for the torque in a machine having negligible resistance and constant 
self-inductance of each winding which is referred to as an Ideal 
Machine.” 

These equations are useful in comparing single-phase and various 
polyphase short circuits and for determining general tendencies. 
However, the numerical value of the torque is usually of most interest 
in salient-pole machines and here the self inductance of the armature 
windings is not constant. The calculation of torque from the actual 
inductance of the windings of a salient-pole machine is a very com¬ 
plicated problem. A relatively simple step by step calculation. 


.• I* Si* 

caUed the ”semi-graphical method,” is developed for calculating the 
torque from the actual currents as given by an oscillogram. The 
effect of resistance can be included in this calculation. The method 
holds for any variation in self inductance with rotor position provided 
that saturation is not a large factor in determining the change in 
stored magnetic energy, which seems to he true in cases thus far 
investigated. 

Short-circuit torque can be measured by an instrument described 
in a previous paper.^ The torque as measure is compared with 
the torque as calculated by various methods. This shows that calcu¬ 
lations based on constant self-indvotance of each winding may be 
seriously in error, particularly if equations derived on this basis are 
applied to the actual currents of salient-pole machines. The” semi- 
graphical” method agrees reasonably well with measured values 
for cases tiius far tested. 


C onflicting opinions are often expressed con¬ 
cerning the torque produced by a short circuit. 
One idea frequently expressed is that since the 
resistance of the circuit is small compared to the re¬ 
actance, the current flowing has practically zero power 
factor and therefore the resultant torque produced 
should be very slight. However, the fact that the 
power factor is nearly zero indicates only that the 
average torque during one complete cycle is small. 
It gives no information concerning what takes place 
during parts of a cycle. In designing a machine to 
withstand the worst possible operating conditions,-the 
maximum value of torque which may act at any instant 
must be known so that the pulsating or instantaneous 
value of short-circuit torque must be considered. 
Furthermore, because of inertia reactions the same 
torque will not act on all parts of a machine so that to 
determine the force acting on any given part, the curve 
of torque against time must be Imown. 

The failures occasionally produced by short circuits 
show that tremendous forces must result from short 
circuits and other transient phenomena. For example, 
one of the early large vertical waterwheel generators of 
low reactance at Niagara Falls sheared off the holding 
down bolts and the stator turned through a considerable 
angle on its foundation. In another case a frequency 
changer set stretched the holding down bolts and 
cracked the frame supporting feet when the set was 
connected to the line out of phase. It is only necessary 
to stand beside a low reactance machine when it is 
short circuited to realize that very severe forces are 
acting on the machine. Synchronizing out of phase 
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may produce forces which are even more severe. This 
paper is confined to the subject of short-circuit torque 
although the methods proposed can be used, with some 
modifications, for determining the torque during syn¬ 
chronizing and other transient conditions. 

One difficulty in understanding the torque produced 
by a short circuit is the fact that the assumptions 
generally used for calculating the torque during normal 
operations do not represent the conditions during a 
short circuit. In calculating the torque during normal 
operation, it is usually assumed that the stored energy is 
constant so that the mechanical torque of a generator 
is equal to the electrical output plus the losses. If a 
generator is short-circuited at its terminals, its electrical 
output is zero and the energy losses within the machine 
account for only part of the torque which is known to 
be produced. An investigation of the stored magnetic 
energy of a machine during short circuit shows that this 
energy fiuctuates very rapidly and that there is a 
corresponding fluctuation of the kinetic energy of 
the rotating mass. The transfer of kinetic energy to 
magnetic energy, and vice versa, must be accompanied 
by a torque , which alternates between positive and 
negative values. 

The Relation Between Torque and Stored Energy 

« 

In order to simplify the discussion a synchronous 
condenser short-circuited at its terminals will be con¬ 
sidered first. Since the terminals are short-circuited, 
no electrical power can flow between the machine and 
the line, and since there is no mechanical connection 
to any other machine, no power can flow to or from the 
S3mchronous condenser except that dissipated as heat. 

Since there can be no transfer of energy between the 
machine and any outside source, the total stored energy 
of the machine plus the energy dissipated must remain 
constant. Or, expressed mathematically. 
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“TdodiH- U + f Ri^ dt — Initial stored. 

Energy = Const. = Z7o (1) 

Where 

T = Torque at any time t (a torque which tends to 
accelerate the rotor is assumed negative). 

U = Stored magnetic energy at time i. 

CO = Angular velocity. 

R = Resistance. 

i = Current. 

Z7o = Initial stored magnetic energy at < = 0. 
Differentiating 

T +RP (2) 

If the resistance is negligible 

^ dU 

That is to say that the torque multiplied by the angu¬ 
lar velocity is equal to the rate of change of stored mag¬ 
netic energy provided that the energy losses are 
negligible. 

The above equations were derived for a short-cir¬ 
cuited synchronous condenser where no energy could 
flow into or from the machine except in form of heat. 
However, the equations derived hold for any short- 
circuited machine. In the general case, electrical power 
cannot flow to or from the machine short-circuited, but 
mechanical power may be transmitted to or from the 
mechanically connected machine. Appljdng the law of 
conservation of energy to this general case, any increase 
in the sum of the stored magnetic energy, plus the inte¬ 
gral of the energy dissipated, must be accompanied by a 
transfer of mechanical energy to magnetic energy. 
Conversely, any decrease in the sum of the stored mag¬ 
netic energy, plus the integral of the energy dissipated, 
must be accompanied by a transfer of magnetic to 
mechanical energy. 

Then, 

U R d t = Uq J* T CO dt 
Differentiating 

d U 

-lu = 

This is the same Equation (2) and if the resistance is 
negligible is the same as Equation (3). From this it is 
evident that if the stored magnetic energy can be 
determined for each increment of time, the corre¬ 
sponding mechanical torque can be calculated. 

The torque discussed here is the resultant tangential 
reaction of the windings. The torque acting on indi¬ 
vidual parts will depend on the mechanical arrange¬ 
ment. In the case of the synchronous condenser, the 
shaft does not transmit any torque. In this instance 
the torque produced by the winding merely results in a 
change in speed of the rotor. The other extreme exists 
in a rigid rotor connected to an infinitely large flywheel 


by a perfectly rigid shaft. In this case the speed of the 
rotor must be constant and therefore all of the torque 
produced must be transmitted by the shaft. Actual 
cases will usually be somewhere between these , two 
extremes. The torque acting on individual parts of the 
machine is outside the scope of this discussion. In this 
discussion the term “short-circuit torque” will be taken 
to mean the resultant reaction of the windings. 

The main purpose in studying this torque is to permit 
a more rational design of the mechanical parts of the 
machine. In designing these parts to withstand short- 
circuit forces the inertia reactions and deflections play 
an important part in determining the stresses. This 
requires that the duration of the forces as well as their 
maximum value be known, so that a curve between 
torque and time must be obtained. A machine must be 



Pig. 1—^Teacing op an Oscillogham for a Single-Phabb 

Short Circvit 

A —Terminal voltage 

B —Ourrent tiirough a group of contacts—^the record of the contact and 
fljrwheel accelerometer measuring torque 

C—800-cyde current—^the magnetic record of acceleration or torque 
D —^Field current 

E —Ourrent in the short-circuited phase 

designed to withstand the worst operating conditions. 
A single-phase short circuit occurring at the instant 
when the generated voltage in that phase is zero gives a 
much greater torque than any other short circuit thus 
far investigated. Since a machine must be designed to 
withstand the worst conditions, this case is discussed in 
detail and other cases only to the extent of showing that 
they are smaller in magnitude. 

Stored Magnetic Energy op a Rotating Machine 
During open-circuit operation of a machine there is a 
certain field current and fiux giving a substantially 
constant stored magnetic energy. An imbalanced load 
current may give some pulsation in the stored en^gy, 
but usually this is of negligible magnitude. However, 
at the instant of short circuit a large armature current is 



1232 


PENNEY: SHORT-CIRCUIT TORQUE IN SYNCHRONOUS MACHINES Transactions A. I. E. E. 


produced and the field current rises to several times its 
normal value, which results in a corresponding increase 
in the stored magnetic energy. 

If hysteresis and eddy currents are neglected, the flux 
and stored energy will depend only on the currents and 
rotor position and will be the same regardless of the 
manner in which those currents were established. In a 
short circuit, an increase in the stored magnetic energy 
is supplied by the mechanical energy of the rotor. 
However, to evaluate the magnitude of the stored 
energy for any given currents and rotor position, the 
rotor can be assumed to be locked in that position, and 
the energy required to establish the given currents and 
fluxes from an electrical source calculated. 

Short-Circuit Torque in an “Ideal Machine” 

The following conditions have frequently been 
assumed in discussing short-circuit currents, 

1. The self inductance of the field circuit is constant. 

2. The self inductance of the armature winding is 
constant. 

3. The mutual inductance between the field and 
armature circuits varies as the cosine of the angle 
between the two windings, i. e., 

*Mci = Maf cos a 

4. The resistance of the windings is negligible. 

5. An alternator to which these assumptions apply 
will be called an “ideal machine.” 


for all of the circuits involved, the stored energy of 
the system is obtained. Or, expressed mathematically, 


Where 


^=2 


Nu iu 

2 


Nu = Number of turns in circuit u 
<l>u = Flux interlinkages of circuit u 
iu = Current in circuit u 


(35) 


Or expressing the flux in terms of the currents and 
inductances: 

n ^ n 

1 1 

Where M«» denotes the mutual inductance between 
the circuits indicated by the subscripts. In case both 
subscripts refer to the same circuit, that is, when v = u 
giving Muu, it is interpreted to mean the self inductance 
of circuit u. Then this expression can be differentiated 
with respect to o: to get the rate of change of energy for 
a virtual displacement of the rotor. This is given in 
Appendix II. It is shown that for a single-phase short 


From .Equation (3) 


caT = 


dU 
d t 


Since ojdt = dot, this can also be written T = 


dU 
d a 


(4) 


In the semi-graphical solution given later the actual 
stored energy of the rotor is computed and plotted 
against the angular position of the rotor. The deriva¬ 
tive or slope of this curve is then proportional to the 
torque. In the mathematical solution, it is possible to 
compute the actual stored energy and differentiate 
the result to obtain the resulting torque; but this method 
is very complicated. The solution is simplified very 
much by using a method commonly employed for calcu¬ 
lating magnetic forces. This method depends on the fact 
that the forces acting at any position of the rotor 
depend only on the currents and fluxes acting at that 
instant. Then to find the forces acting, the current is 
assumed constant and the rate of change of stored 
energy found for a virtual displacement of the rotor. 
With this assumption the current would be constant 
and the flux varying; in the actual case, the flux is 
constant and current varies. 

The stored energy in a system of inductively coupled 
circuits is discussed by Karapetoff in Mechanical 
Forces between Electric Circuits.^ It is shown that by 
multiplsdng the ampere-tums in each circuit by the 
flux interlinking that circuit and adding the products 

’•‘For symbols, see Appendix I. 


Pig. 2—^Plux Current Curves Illustrating the Stored 
Energy in a Magnetic Circuit 

A. Magnetic circuit with no saturation. The stored energy is shown 
by the cross-hatched area 

B. Saturated magnetic circuit. The double cross-hatched area repre¬ 
sents the actual stored energy. The single cross-hatched area represents 
the error when the energy is calculated from Equation (3d). 

circuit where the field and armature windings have a 
mutual inductance varying with the position of the 
rotor but constant self inductances, the variation in 
stored energy is given by, 

dU . . dMaf 


T = 


d OL 


Since saturation is neglected the variation in mutual 
inductance can be determined from the voltage gener¬ 
ated before the short circuit. Substituting the value 
thus obtained in Equation (6) gives 

dU 


(0 T — 


d t 


= [ia sin a] 


V 


( 11 ) 


Or, expressed in words, the torque multiplied by the 
angular velocity which is the instantaneous power is 
equal to the product of the instantaneous value of the 
armature current by the voltage that would have been 
generated under open-circuit conditions and this 
multiplied by the ratio of the instantaneous field cur¬ 
rent to the field current value before the short circuit. 
Since the field current increases to several times its 
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initial value, it is evident that this equation may give 
a very high value of torque. During the short circuit, 
the field ampere-turns are roughly proportional to the 
armature ampere-turns. Therefore, if the short-circuit 
current is increased by decreasing -^e reactance of the 
machine, it is evident that the torque will be increased 
approximately in proportion to the square of the arma- 



PiQ. 3 —Torque Developed by Short Circuit op an ’’Ideal 

Machine” 


A. Single-phase short circuit, terxoinal to neutral 

B. Three-phase short circuit, terminal to terminal 
Assumptions: 

1. Short circuit occurs when generated voltage on phase is zero 

2. Star-connected winding 


K =. 0,86- - 




4. Peak non«>syinmetrical terminaUto-terminal short-circuit current 
equals 12 times rated r. m. s. value of current per phase 


ture current, showing that in a low reactance machine 
the torque will be very severe. 

The equation for the torque produced by a three- 
phase short circuit can be derived in a similar manner 
and gives 

dU , . . if 

T = ^ ^ = [^a 6a + ib &b + io 6e] ^ (14) 

This equation is similar to Equation (11) as given, but 
in the three-phase short circuit the signs of the various 
terms must be considered. The separate circuits do 
not act together, which gives a slower rate of change of 
stored energy at any given instant and therefore a 
lower torque. In Appendix III, the torque is computed 
for a particular star-connected winding, first for a 
single-phase terminal-to-neutral short circuit and then 
for a three-phase terminal to terminal short circuit. 
The results are plotted in Fig. 3. The maximum stored 
energy is not essentially different for the two cases. 
In the single-phase short circuit there is a very sudden 
change in the stored energy from a = 125 to a = 180 


giving a corresponding high torque. In the three- 
phase short circuit the variation in stored energy is 
sinusoidal, giving a much lower maximum value of 
torque. 

Similar equations can be derived for other polyphase 
short circuits but in all of the cases thus far investigated 
the different circuits will not act together so that the 
resultant rate of change of stored energy is slower than 
for a single-phase short circuit. This conclusion has 
been confirmed experimentally for the case of a three- 
phase terminal to terminal short circuit and for the 
case of two terminals of a star-connected winding 
short-circuited to the neutral.* In both cases the 
short-circuit torque was far below that for the cor¬ 
responding single-phase short circuit. 

Semi-Graphical Determination of Torque 

The assumptions used in the analytical solution just 
given are those ordinarily used in the calculation of 
short-circuit currents. The assumption of a constant 



Fig. 4—Comparison op Actual and Theoretical Current 
Wave Shape for Single-phase Unsymmetrical Short Circuit 

A and C.—Armature and field current, respectiv^y, from oscillogram 
B and Z>,—^Armature and field current, respectively, from EQuations 
(40) and (41) in paper by B. F. Franklin (B-3) with the value of K chosen 
to give same maximum values as A and C 


self inductance of each phase represents the condition 
with a cylindrical rotor quite accurately but in a salient 
pole machine the self inductance of each phase varies 
with the rotor position. In the calculation of short- 
circuit currents we are usually mainly interested in 
maximum values, and the maximum value of current is 

♦Case (7) in the paper on Short Circuits in Synchronous Al¬ 
ternators, by R P, FrankUn.*'* 
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not seriously altered by the variation in the self induc¬ 
tance of the phase winding. On the other hand, the 
torque produced depends on the rate of change of 
current or rate of change of inductance so that the 
torque is seriously changed by the variation in the self 
inductance of each phase. 

The equations just derived are useful for comparing 
a single-phase short circuit with various polyphase 
short circuits and determining general tendencies. A 



Fig. 5—Comparison op Methods op CALCUiiATiNG Torque 
Torque calculated from the Semi-Graphical" method for current 
values A and C in Fig. 4. Points indicated by " +" show the torque as 
recorded by the contact accelerometer 

B. Torque calculated for current values B and D in Fig. 4. Note that 
semi-graphical method and Equation (11) give the same results in this 
case since the current is based on constant self-inductance of each circuit 

C. Result of applying Equation (11), which was based on constant self- 
lnductance» to the actual current (Ourves A and C in Fig. 4) from a machine 
having variable self-inductance 


turbo alternator approximates the constant self in¬ 
ductance of each phase on which the equations were 
based. However, the salient-pole machine has an 
inherently less rugged construction than the turbo 
alternator, so that the determination of short-circuit 
torque is of greater importance in the salient pole 
machine where the variation in self inductance must be 
considered. If the variation in the inductance of the 
windings is accurately known and the currents calcu¬ 
lated Equation (12) can be used to calculate the torque. 


In this case the calculations become complicated so 
that the method is cumbersome. 

The semi-graphical method has been developed for 
calculating the torque from an oscillogram of currents, 
and eliminates the necessity of determining the in¬ 
ductance of the separate circuits. The method is 
based on the assumption that the stored energy of 


n 

n circuits is equal to 

1 



Nu 4^u iu . , „ 

-r-as given by Equa¬ 


tion (35). This equation holds for any self inductance 
and mutual inductance between the circuits involved, 
provided saturation is negligible. The flux can be 
determined from the initial conditions and assuming 
that the resistance is negligible, will remain constant 
during the first instant of short circuit. Then by 
taking the values of current from an oscillogram the 
energy of the magnetic field can be calculated without 
determining the inductance of the various circuits 
involved. The energy can be calculated for successive 
positions of the rotor and by taking the difference in 
successive values, the change of energy and the resulting 
torque can be calculated. 

Since the result depends on differences between 
successive values, the values of current must be ac¬ 
curately determined and the increments of time used 
must be large enough so that the change in current can 
he measured accurately. This calculation is illustrated 
in Appendix IV. Successive values for one case are 
tabulated in Table I, and the result plotted for Curve C 
of Fig. 6. 

Effect of Saturation. Equation (35) is based on the 
assumption of no saturation. In a machine some parts 
of the circuit are usually highly saturated. However, 
during the first instant of short circuit the resultant 
flux interlinkages of each circuit remain substantially 
constant. For this reason the effect of saturation upon 


TABLE I 

CALCULATION OF TORQUE NEGLECTING RESISTANCE 


(X 

degrees 

if 

amperes 


amperes 


(Joules) energy 

U 

A U 
(Joules) 

A U 

o oi » 

A a 

torque (Ib-ft.) 

2 108 

1 

2 10® 

20 

27 

506 

0 


506 



30 

25.5 

478 

7 

42.4 

520 

14 

177 

40 

23.5 

440 

23 

140 

580 

60 

760 

50 

23 

431 

40 

242 

653 

73 

965 

60 

23.5 

440 

57 

345 

785 

72 

910 

70 

25.5 

478 

76 

454 

032 

147 

1860 

80 

29.5 

552 

94.5 

572 

. 1124 

192 

2430 

90 

36 

675 

113 

685 

1360 

246 

3120 

100 

45 

‘ 843 

134 

811 

1654 

204 

3720 

110 

55.5 

1030 

168 

956 

1086 

332 

4200 

120 

69 

1295 

185 

1120 

2415 

429 

5420 

130 

84 

1576 

214 

1205 

2870 

455 

6760 

140 

100 

1875 

244 

1475 

3350 

480 

6080 

150 

112.5 

2110 

273 

1655 

3765 

415 

5250 

160 

121 

2270 

294 

1780 

4050 

285 

3600 

170 

126.5 

2370 

295 

1790 

4160 

110 

1400 

180 

124 

2320 

277 

1676 

3995 

-166 

-2090 

190 

116 

2170 

252 

1585 

3766 

-240 

-3040 

200 

104 

1950 

224 

1355 

3305 

-460 

-6700 

210 

90 

1690 

190 

1150 

2840 

-465 

-5880 
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the change in stored energy is not as serious as it might 
appear from the values of current involved. 

A magnetic field can be regarded as divided into parts 
and the energy computed separately for each part. 
For the part of the magnetic circuit through air or other 
medium of constant reluctance, the energy is given by 
Equation (35). This is represented graphically by the 
cross hatched area in Fig. 2a which is merely J' id <i>. 
For the part of the circuit traversing iron the energy 
will stUl be given by S id <f) but this integral will not 
be given by Equation (35). The double cross hatched 
area in Fig. 2b represents J' id <t> which is the actual 
stored energy in the saturated field. The single cross 
hatched area in Fig. 2b represents the error when the 
energy in the saturated circuit is calculated from 
Equation (35) (i, e., neglecting saturation) 

If a madiine is working high on the saturation curve 
it is obvious that the initial stored energy will be con- 



Fig. 6—Torque Produced by a Single-phase Short Circuit 

B H-Calculated trom the recorded currents considering the 

effect of resistance 

C X-Calculated neglecting the effect of resistance 

A -Torque recorded by the magnetic accelerometer 

O Torque recorded by flywheel and contact accelerometer 

siderably in error when calculated neglecting saturation. 
During the short circuit the resultant fiux interlinkages 
of any circuit remains substantially constant. The 
flux at some highly saturated points is reduced and the 
saturation at other points increased. However, in most 
designs the main change in the energy of the field 
occurs in the part of the circuit through the air and 
other non-magnetic material. For this reason although 
the initial energy may be considerably in error, the 
change in energy will be substantially correct when 
calculated neglecting saturation and therefore the 
torque can be calculated neglecting saturation with 
sufficient accuracy for this type of calculation. This 
conclusion is substantiated by the agreement obtained 
between calculations and tests as illustrated in Figs. 5 
and 6. 

The Effect of Resistance. Thus far the effect of 
resistance has been neglected. Assuming that the 
currents are taken from an oscillogram, the effect of 
resistance on the torque calculation is two-fold. First, 


the resultant flux interlinkage of each circmt is con¬ 
stant only when the resistance of the circuit is negligible. 
Actually the electromotive force to overcome the 
resistance drop in a short-circuited winding must be 
supplied by the change in flux interlinkages of that 

d (b 

Ri ^ e = N-^ 
dt 

represented by the resistance loss is usually not neg¬ 
ligible because of thelarge values of current involved. 

These two effects of resistance can be incorporated in 
the step by step calculation of toj'que. The decrease in 
flux interlinkages can be calculated for each increment 
of time and this value used to obtain the actual flux 
interlinkages and corresponding stored energy. The 
torque corresponding to the resistance loss can be cal¬ 
culated and added to the torque resulting from the 
change in stored energy. This calculation considering 
resistance is illustrated in Table II of Appendix IV 
and the torque obtained plotted as Curve B of Fig. 6. 

These calculations are for the short-circuit recorded 
on the oscillogram of Fig. 1. On this oscillogram the 
terminal voltage, field current, and armature current 
are shown. Also the torque is recorded on the oscillo¬ 
gram by the accelerometer described in a paper at the 
Pittsfield Regional Meeting in 1927.^ This measures 
the torque by two different devices. The first device 
gives a continuous record of the torque and is called 
the magnetic accelerometer. The second device merely 
gives points oh the torque time curve and is called the 
flywheel and contact accelerometer. Both devices 
measure the torque by measuring the acceleration 
imparted to the rotor. The two measurements of 
torque are also plotted in Fig. 6. The record B of 
Fig. 1 is the current 'through the fl 3 rwheel contact. 
As the torque increases during the first half cycle of 
the short circuit, each sudden change in the current 
through the contact represents the point where one 
flywheel contact opened which is a point on the torque 
time curve. These points are shown by the small 
circles in Fig. 6. 

The oscillogram of Fig. 1 was taken from a 60-cycle 
alternator, short-circuited at 25-cycle frequency. 
The field and armature were both short-circuited at 
the same instant. This osdUogram has been used to 
illustrate the method of calculation because the effect 
of resistance is exaggerated. For the first half cycle the 
calculation neglecting resistance gives almost the same 
result as the calculation considering resistance as 
shown by the agreement of Curves B and G on Fig. 6. 
The reason for this agreement is that the two effects of 
resistance mentioned above tend to annul each other. 
The decrease in flux interlinkages diminishes the rate of 
increase of stored energy, thereby reducing the torque 
while the resistance losses increase the torque. How¬ 
ever, during the second half cycle the two effects do not 
cancel each other so that neglecting resistance a very 
high negative torque would be obtained while when. 


circuit 


it ^ i. e., 


Secondly, the power 
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resistance is considered the calculated torque agrees 
reasonably close with the measured value. 

Another point of interest in connection with curves 
of Fig. 6 is that the initial field current used was the 
normal value for 80 per cent power factor, but since the 
machine was on open circuit before the transient this 
gave a point high on the saturation curve. Yet the 
calculations neglecting saturation are in close agreement 
with the tests. 

Discussion op Results 

The torque produced by a single-phase short circuit 
varies greatly with the position of the rotor at the 
instant when the short circuit occurs. This discussion 
has been devoted almost entirely to the subject of 
short circuits occurring at the instant when the terminal 


assumptions frequently used in discussing short-circuit 
currents would apply. The equations for currents 
derived on this basis are quite generally applied to 
salient-pole machines with reasonably satisfactory 
results. However, as has been mentioned, it must not 
be assumed that the equations for torque derived 
using the same approximations can be as generally 
applied. Figs. 4 and 5 are intended to emphasize this 
fact. In Fig. 4 the actual wave shape of the currents 
for a certain machine are compared with the wave 
shapes as given by the equations derived by Franklin,* 
assuming constants which would give the same peak 
value of current in both cases. This agreement is 
satisfactory for most purposes. However, since the 
torque depends on the rate of change of current the 
value will be very different for the two cases. Curves 


TABLE II 


CALCULATION OP TORQUE CONSIDERING THE EFFECT OF RESISTANCE 


Note: This exaimple exaiggerates tlie effect of resistance since a 60-cycIe machine was short circuited while 
both field and armature terminals were short circuited. 


running at 25-cycle frequency and since 



voltage is zero, which gives the greatest torque. This 
was done because the designer is interested in the worst 
condition that can happen. In the tests made, the 
instant of short circuit was controlled to give this 
worst condition. However, in operation very few of 
the short circuits will happen to occur at this particular 
point. In most cases the torque will be very «Tvin.ll 
compared to the worst condition. 

As has been stated the torque produced by a poly¬ 
phase short circuit in all cases thus far investigated is 
much less than the maximum torque resulting from a 
single-phase short circuit. The probability of a single¬ 
phase short circuit is also much greater than the prob¬ 
ability of a polyphase short circuit. For these reasons 
practically all of the results given are for single-phase 
short circuits. 

In the first part of this paper equations were derived 
for an “ideal machine,” that is a machine to which the 


A and B of Fig. 5 show this difference. The area under 
the two^ curves is the same since the maximum stored 
energy is the same but the rate of change of energy is 
very different, giving a corresponding difference in the 
value of peak torque. 

It might be assumed that Equation (11), which 
gives the torque in terms of the currents during the 
short circuit and the voltage before the short circuit, 
could be applied to actual measured currents in cases 
where the self inductance of the separate circuits is not 
constant. However, the torque corresponding to a 
given current depends on the rate of change of induc¬ 
tance. For this reason this equation for torque is true 
only when the currents are varying as in the “ideal 
machine.” For instance, if these equatio n a are used 
with the v alues of current given by Curves A and C of 

♦Equations (40) and (41), Short Circuits of Synchronous Ma¬ 
chines, (Reference 3). 
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Fig. 4, the torque obtained would be that for the given 
values of current but assuming that that current was 
varying at a rate given by the theoretical equations. 
The error corresponding to this assumption is shown 
by curve C of Fig. 5, which gives a maximum torque 
almost three times the actual value, whereas the torque 
calculated by the sem-graphical method agrees very 
closely with the measured torque. 

It will be observed that all of the discussion has 
assumed a short circuit occurring when the machine is 
running on open circuit. This has been done to simplify 
the analysis and tests. It is evident that the short- 
circuit currents depend on the flux interlinkages at the 
instant of short circuit. The effect of the initial cur¬ 
rents is to modify the initial flux. In the case of a 
single-phase machine operating at unity power factor, 
if a short circuit occurs at the instant of zero voltage, 
the load current is also zero so that this case is almost 



Fig. 7—SHOBT-CmcmT Tohqub bob Yaeious Field Currents 

A. neld current — 27 amperes giving 3240 volts during open circuit 

+ From magnetic accelerometer 

® From flywheel and contact accelerometer 

B. Field current =■ 20 amperes giving 3010 volts 

X From magnetic accelerometer 

0 From flywheel and contact accelerometer 

C. Field current » 10 amperes giving 2180 volts 

. From magnetic acctierometer 

O From flywheel and contact accelerometer 

identical with the case of a short circuit during open 
circuit operations. In case the power factor is not 
unity, or for any case of polyphase operation, the solu¬ 
tion is not quite as simple. However, in all cases the 
equations that have been derived apply equally well 
provided the proper correction is made for the different 
initial flux interlinkages. 

An illustration of the dependence of the currents and 
torque on the initial interlinkage is given by the curves 
of Fig. 7. This shows the torque obtained experi¬ 
mentally for various initial values of field current. 
The generated voltage before the short circuit is a 
measure of the initial flux interlinkages of the armature. 
According to the theory developed, the torque should be 
proportional to the square of the initial flux. Of course, 
since saturation will increase the leakage, the field flux 
will increase somewhat faster than the armature flux 
as the field current is increased. Neglecting these 
effects the maximum torque should vary as the square 
of the generated voltage before the short circuit. If 
in Fig. 7 the peak torque for the two lower values of 


field current be calculated from the test value for the 
maximum field current assuming a variation propor¬ 
tional to the square of the voltage, 8800 Ib-ft. and 
4600 Ib-ft. are obtained as compared with 8250 and 
4300 respectively from tests. 

The curves of Fig. 7 also show that saturation is not 
a major factor in determining the short-circuit torque 
except that it must be considered in determining the 
initial flux. The two higher values of field current are 
well up on the saturation curve as shown by the fact 
that a 35 per cent increase in field current gives only 
an 8 per cent increase in voltage, and yet the torque 
can be calculated assuming that it varies with the 
square of the voltage with reasonable accuracy. This 
must not be taken as a proof that saturation will never 
be a major factor because it is entirely possible that in 
some cases a large proportion of the leakage flux may 
traverse a path having enough iron to make the effect 
of saturation appreciable, in determining the rate 
of change of stored energy. 

Mr. Theo. Williamson conducted most of the tests 
referred to and his work is hereby acknowledged, as 
are the suggestions of Messrs. Fechheimer and Soder- 
berg under whose supervision the work was done. 

Appendix I 

Symbols 

T = Resultant torque produced by the reaction of 
the currents and fluxes. (Assumed positive 
when it tends to decrease the speed of rotation.) 
03 = Angular velocity of the rotor. 

t = Time (seconds). 

a = Angular position of the rotor, (a = 0 is taken 
to be the position giving zero generated 
voltage). 

U = Stored magnetic energy of a circuit or system 
of circuits. 

If = Value of field current before the short circuit. 

IA = Normal rated r. m. s. value of armature current. 
iay ih, etc.—Denote the current in the circuit indicated 
by the subscript at any time t during the 
transient. 

ia, ib, etc.—In finding the stored energy, the current 
is assumed to vary from 0 to ia or 0 to ih. 
The symbol i' is used to distinguish a value 
of current during the assumed variation from 
an actual value i during the short circuit. 

00, 4>h, etc.—^Denote the resultant flux interlinkages of 
the phase denoted by the subscript. 

Bay Bby etc.—Denote the voltage generated during nor¬ 
mal operation in the phase indicated by the 
subscript. 

Ea - Rated r. m. s. voltage per phase {i. e., terminal 
to neutral). 

Bm = Open circuit peak voltage per phase (i. e., termi¬ 
nal to neutral). 

La, Lf, etc.—Denote the self inductance of the circuit 
indicated by the subscript. 
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Mai, Mbf, etc.—^Denote the mutual inductance between 
the two circuits indicated by the subscripts. 
Maf= Mutual inductance between phase a and the 
field winding at a = 0. 

Na, Nb, etc.—Number of turns in the circuit indicated 
by the subscript. 

% = Any integer. 

K 

V La Lf 

Appendix II 

Calculation of Short Torque in an Ideal Machine. A 
machine to which the following assumptions apply is 
referred to as an ideal machine: 

1. Resistance and saturation are negligible. 

2. The self inductance of each winding is constant. 

3. The mutual inductance between the field and 
each armature winding varies as the cosine of the angle 
between the field and armature winding considered. 

For a Single-Phase Short Circuit. From Equation 
(36) in Mechanical Forces Between Electric Circuits by 

Karapetpff2 

U — n Z/a + 2 ta if Mfa + i/ Lf] 


Where If denotes the steady-state or open-circuit 
value of field current. 

Differentiating (8) 

d <l>a J d Maf 

substituting this value in Equation (7) 


Ca = Cm sin a = If 


dMc 


d Maf 
d a 


Cm sm a 


If . cu 


Substituting in (6), 
dU 

d OL 


= T = 


If . CO 


. ^a • ■ sm a 


From Equation (4) 


T = 


Under the actual condition of a short circuit, the flux 
is substantially constant and the current varies. The 
solution of this case is complicated mathematically. 
However, since the forces at any instant depend only 
on the fluxes and currents at that instant, the torque 
can be determined by the given currents and fluxes, 
but considering the current held constant for a differen¬ 
tial movement of the rotor, i. e., determine the deriva¬ 
tive of U with respect to ol when i is constant. 

dU 1 r.„ . dMaf , .. dLf 1 

da 2 L d a ^ da da J 


If La and Lf are constant, this reduces to 
dU . . dMaf 


Or, expressed in words, the torque is equal to the product 
of instantaneous value of armature current by the 
voltage that would have been generated under open- 
circuit conditions and this multiplied by the ratio of 
the instantaneous field current to the value of field 
current before the short circuit, and divided by the 
angular velocity. 

B. Polyphase Short Circuit. For a polyphase short 
circuit, the equations for torque can be derived in a 
similar manner. From Equation (36) as given by 
Karapetoff^ 


^ ~ 2,2 


Therefore, differentiating with i constant 


U _^ . 

a ~ ^.2 2^^ 


dMvi 
d a 


For a three-phase short circuit and any given values 
of currents, constant self-inductance in each phase 
and constant mutual inductance between phases, but 
with the mutual inductance between the field and each 
phase variable 


dM. 


dMb 


• • ---I • • 

da da 


dM. 


da da 


From Equation (10) 

dMaf 

da ~ 


dMa 


“7 -sm a =-; 

i/ . CO 0) a If 


Since the effect of saturation is neglected, ^ ^ 

can be determined from the no-load operation of the 
machine. Then 


In a similar manner 


Ba = Na 


= sm a 


d Mbf 
d a 

dMcf 
d a 


03 . If 


Where e® is the voltage generated and is assumed to 
be sinusoidal, but during no-load operation, 

Na 4>a = 1/ Maf (8) 


da 0). If 

Substituting these values in Equation (13). 

dU ... . if 

j = T = [ia So + ii + ic ej *7^ p 

Of OL Ct) a If 


( 8 ) 


(14) 
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Appendix III 

In Appendix II, Equations (11) and (14) were derived 
giving the torque in an *^ideal machine” in terms of the 
currents and rotor position. R. F. Franklin® has 
derived equations for the current as a function of rotor 
position for the same ‘‘ideal machine.” These values 
of current will be substituted in Equation (11) and 
Equation (14) to compare the torque for single-phase 
and three-phase short circuits. 

Equations (7) and (8) for terminal-to-neutral single¬ 
phase short circuit in Franklin’s paper are: 


Mas 1 — cos a 

(15) 

La 1 - a:® cos® O' 

1 — 1?® cos O' 

(16) 

~ 1 — K® cos® a 


Substituting these values in Equation (11), 

Cm If Mav sin O' 14- cos® a — (1 4- K^) cos a 
^ “ 01 La [1 - K* COS* a]* 

(17) 

For the purpose of plotting the instantaneous short- 
circuit torque in terms of normal rated torque, it will 
be assumed that the machine is rated so that the peak 
value of unsymmetrical terminal-to-terminal (star- 
connected) short-circuit current is twelve times the 
rated r. m. s. current per. phase. It will be assumed 
that 


K = 


MaV 

y/La Lf 


0.85 


And that Lf = La. 

Then, from Equation (41) in Franklin’s paper: 

(max.) = 3.53 If (18) 

or, Jo = 0.294 J/ 

But the normal or rated torque is given by 

Rated power = co Tn= 3 jFa Ja = 2.13 I a = 0.626 If 

(19) 

Where Ea is the rated r. m. s. phase voltage (termi¬ 
nal to neutral) and I a the rated r. m. s. armature cur¬ 
rent per phase. 

Substituting (19) in (17) gives for a single-phase 
terminal to neutral short circuit 


T g® Lf [1 4- cos® g] — [1 4- cos a . 
Th “0.626JlfAp [1-ir*cos*a]* ® 


( 20 ) 

This is plotted in curve A of Fig. 3 for the values of 
K = 0.85 and MAv/Lf = 0.85 as assumed above. 

The torque for a three-phase short circuit is given by 
Equation (14) as 


0) T 


if . 

[^o 4” ^6 4“ ®o] 


Since R. F. Franklin® used the same assumptions as 
were used in deriving Equation (14) his values for cur¬ 


rents will be used and are as follows (Equations (71), 
(72), (73), and (74) in his paper): 


^ 1 — U® cos oi 

[1 - jr*] 


( 21 ) 


2 Mas (1 - 0.5 iJ®) - cos a 4- 0.5 JT® cos 2 a 

3 La 1 - JT® 

( 22 ) 

1 ^ Mas 

_ 3 La 


(1 - 0.5 g®) 4- 2 cos {a - 120) - g® cos 2 (o: 4-120) 

1- U® 


(23) 


ic 



If 


Mas 

La 


(1 - 0.05 g®) 4- 2 cos joL 4- 120) - g® cos 2 (o; - 120) 

1- K® 


(24) 


The corresponding values of ea, eb, and Be are 

ea = em sin a (25) 

= Bm sin (a — 120) (26) 

Bo = Bm sin (a 4- 120) (27) 

Substituting these values in Equation (14) gives 


CO T 


If Mas a-K^ cos a) 
3 La (1-2C*)* 


f[l - 0.5 K*] 


[2 sin (X — sin (a — 120) — sin(Q! -f 120)] — 2 [cos a sin a 
4- cos (a-120) sin (a'-120)4-cos(a!4-120) sin (a4-120)] 
4- 1?® [cos 2 a sin a 4- cos 2 (a 4- 120) sin (a — 120) 

-f cos 2 (O' - 120) sin (a 4- 120)] (28) 

But combining terms and simplifying, 

2 sin O' — sin {a — 120) — sin (o; 4-120) = 3 sin a (29) 
and, 

cos O' sin a + cos (o' — 120) sin (o' — 120) 

4- cos (O' -1-120) sin (a 4-120) = 0 (30) 

and, 

IT® [cos 2 O' sin O' cos 2 (o: 4-120) sin (a — 120) 

3 

4- cos 2 (o' - 120) sin (o' H- 120)] = - sin o: (31) 


Substituting Equations (53), (54), and (55) in (52) gives 


CO T 


If Mas 
3 La 


1 — jg® COS a 

(1 - K®)® 


[(1 — K^) 3 sin O'] 


(32) 

Substituting the values of e** from Equation (19) gives 


T Mas 
Tn 0.626 La 


1 — X® cos O' 
1-X® 


. sin O' 


(32) 


This is plotted as curve B of Fig. 3 to compare the 
torque from three-phase terminal to terminal and 
single-phase terminal to neutral short circuits. 
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Appendix IV 

Semi-Graphical Calculation op Torque 
1, Neglecting Resistance. The general method has 
been discussed and this appendix will merely give an 
actual example as an illustration. The current values 
for this example are taken from the oscillogram shown 
in Fig. 1. The generated voltage corresponding to 
the initial field current was 3240 volts (r. m. s.) at 60- 



U) (b) 

Fig. 8—Dipfeeential Change in Stored Energy of 
Magnetic Circuit 


cycle frequency. The flux interlinkages of the armature 
can be determined from this voltage, 

X 10-^ (34) 

but e = Cm sin cat = 3240 X 1.41 sin co t. 

Substituting in (34) and integrating 


3240 X 1.41 
w 


cos wt = N 4> X 10”® 


Sitwt = 0 Na<j>aX 10”® = 12.1 

The initial interlinkages of the field winding calcu¬ 
lated correcting for the ratio of the number of turns in 
the two windings and estimating the leakage flux gives 
Nf 4>f X 10-® = 37.5. 

These values of flux are used with the current values 
from the oscillogram to obtain the eno'gy of the mag¬ 
netic field. The successive values are tabulated in 
Table I. The calculated torque is plotted as curve C 
in Fig. 6. Then the torque in joules per electrical 


radian is given by. Since the generator under 

consideration is a six-pole machine, the torque in Ib-ft. 

A O’ A 17 

is given by3 X 0.7376 -r— = 2.21 —. 

A O' A O' 

2. Calculation Considering Resistance. The two 
effects of resistance to be calculated are: 

1. The change in flux interlinkages of each circuit, 
and 


2. The power represented by . the resistance losses. 

The change in flux interlinkages is given by 

d (f) 

Ri = e = N-^ =10-^ 

or Ri Lt = 10”® X N A<i> 

This is calculated for each increment of time. The 
initial value of flux has been calculated. Starting with 
the initial value and subtracting the successive values 
of decrease in flux gives the flux at any instant which is 
then multiplied by the corresponding value of current 
to get the stored energy. The calculation of power 
represented by resistance loss needs no explanation, 
except that in these calculations a correction was made 
for the change in speed of the rotor produced by the 
torque acting on it. 

Bibliography 

1. Mechanical Force between Electric Circuits, by R. E. 
Doherty and R. H. Park, A. 1, E. E. Trans., Vol. XLV, 1926, 
p. 240. 

2. Mechanical Forces between Electric Currents and Saturated 
Magnetic Fields, by Vladiinir Karapetoff, A. I. E. E. Trans., 
Vol. XLVI, 1927, p. 563. 

3. Short Circuits of Synchronous Machines, by R. F. Franklin, 
A. I. E. E. Trans., Vol. XLIV, 1925, p. 420. 

4. An Instrument for Measuring ShorirCircuit, by G. W. 
Penney, A. I. E. E. Trans., Vol. XLVI, 1927, p. 683. 

5. Short Circuits of Alternating-Current Generators, by C. M. 
Laffoon, A. I. E. B. Trans., Vol. XLIII, 1924, p. 356. 

6. Short Circuits of A. C. Generators —II, by C. M. LajQPoon, 
A. I. E. E. Trans., Vol. XLIII, 1924, p. 721. 

7. A Simplified Metiiod of Analyzing Short-Circuit Problems, 
by R. E. Doherty, A. I. E. E., Trans., Vol. XLII, 1923, p. 841. 

Discussion 

R. F. Franklin: Mr. Penney’s paper reveals another interest¬ 
ing practical application of the constant-leakage theorem which 
R. E. Doherty called to the attention of the Institute a number 
of years ago. This theorem has been used extensively in the 
investigation of short-circuit phenomena in a-c. apparatus. 
It was this theorem that I used in the investigation of the short- 
circuit currents of synchronous machines referred to by the 
author. The ultimate goal of that investigation was a deter¬ 
mination of the torque and forces acting during short circuit of 
synchronous machines, because of the importance of a knowl¬ 
edge of these forces in the design and construction of alternators. 
The investigation was completed and formulas giving the torque 
acting under various conditions of short circuit obtained. These 
formulas are now being used in the design of synchronous 
machines. The method used in obtaining these formulas has 
been presented to the Institute in a paper by Doherty and Park, 
referred to by Mr. Penney in his bibliography, and is essentially 
the same as that used by Mr. Penney. 

An important contribution by the author is the step-by-step 
calculation of torque from the current oscillograms which takes 
into consideration the effect of resistance. 

May I again emphasize the importance of the constant- 
leakage theorem in the solution and explanation of short-circuit 
problems and commend a thorough knowledge of it to all engi¬ 
neers interested in this phase of engineering. 

C. J. Fechheimer: Mr. Penney brings forcibly to our atten¬ 
tion the importance of the mechanical problems in electrical 
machinery. Most designers have concerned themselves more 
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with the electrical problems and have frequently left to the 
draftsman the important mechanical problems. Fortunately, 
in manufacturing companies mechanical experts are now coming 
to the front. 

There have been mechanical failures of machines which have 
not been understood largely because we had no analytical 
method of understanding or attacking the problems involved. 
Not very long ago eastings were used extensively and such east¬ 
ings occasionally failed, probably largely because the rewere 
high shrinkage stresses. They were then made heavier, whereas 
they may have been heavier at the outset than was necessary. 

Mr. Penney’s able work was not only experimental as was 
recorded in his earlier paper, but now he has completed the 
theoretical analysis as well. 

In the inclusion of resistance in the solutions, he has made a 
noteworthy contribution as that is one of the things that makes 
such calculations difficult. 

B. A. Behrends The contribution of Mr. Doherty which 
Mr. Prankhn mentioned is, in my opinion, one of the outstand¬ 
ing papers on sudden short circuits of electrical machinery. 
The way in which Mr. Penney has made use of Mr. Doherty’s 
contribution, is another instance of its great value. 

A. B. Field* Mr. Penney has pointed out that in discussing 
these short-circuit torques we must recognize different values 
of torque in the various parts of the structure; the torque on 
the stator windings will be greater than the torque upon the 
shaft, and we have again quite another value of torque upon 
the end-ring of the rotor in the case of a turbo generator. In 
some of the early machines running at 3600 rev. per min., we 
used occasionally to get a journal or coupling extension slightly 
twisted after a very heavy short circuit. Those machines had 
a high short-circuit ratio and, as Mr. Penney has pointed out, 
the corresponding torques would be very great on a single-phase 
short circuit. It is the practise of some firms to provide against 
such possibilities by designing the coupling bolts so that they 
will shear before injury is done to the journal. 


Mr. Penney is to be congratulated upon obt aining such close 
agreement between some of his calculated and experimental 
results. 

G. W. Penney* I was very glad that Mr. Field pointed out 
that the torque to be resisted by the structural parts of the 
stator is usually much greater than the torque transmitted by 
the shaft because the stator is usually quite rigidly mounted. 
As an illustration of the importance of the rigidity of such parts 
I should like to mention a ease in which the frame-shifting device 
of a frequency-changer set gave the stator considerable torsional 
flexibility. In this case the frame-shifting device was supported 
by structural-steel members and if the force corresponding to 
full short-circuit torque could act on these structural supports 
they would be seriously distorted. However, calculations 
showed that there was sufficient flexibility so that for a short 
circuit giving a peak value of torque 20 times normal, the maxi¬ 
mum torque acting on the frame shiftily device was less than 
1.5 times normal. In a ease such as this it would be quite 
possible that a careless attempt to strengthen the parts would 
result in stiffening the parts so that the stresses would be seriously 
increased rather than decreased. This illustrates the necessity 
of knowing the torque-time curve and the flexibility of the parts 
rather than merely designing parts to withstand an arbitrary 
value of torque. 

One other point of importance is that a short circuit at the 
instant of zero voltage gives the highest torque while if the 
transient starts at the maximum voltage point the torque is 
very slight. For this reason the fact that a machine has with¬ 
stood one short circuit or even several is no proof that it will 
withstand another unless the voltage at the instant of short 
circuit is known. For example, in the first tests for measur¬ 
ing this torque no device for controlling the instant of short 
circuit was used and twenty tests were made before one was 
obtained within 30 degrees of the instant of zero voltage, al¬ 
though of course by the theory of probability it should have 
occurred much sooner. 



Analytical Determination of Magnetic Fields 

Simple Gases of Conductors in Slots 

BY B. L. ROBERTSON* and I. A. TERRYt 
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Synopsis. —In this 'paper La Place's and Poisson's equations are 
applied to cases of current carrying conductors in rectangular slots 
to shov) the flux distributions which obtain. 

The paper first treats with the general case which is a single 
conductor, completely surrounded by insulation, at the bottom of a 
slot. Next is taken up the more practical case of a slot containing 
two insulated conductors, one above the other, in which currents of 
jequal magnitude are considered first to flow in the same direction, 
and then in opposite directions. 

In addition to these analyses, a few special cases are discussed. 
Methods are also discussed by which the flux distributions in slots 
containing an even number of coil sides may be obtained, or in slots 


the conductors of which carry currents not in time-phase. Equations 
are developed from which all of these fields can be calculated. 

A discussion is included to show the distribution of flux on the 
assumption that the lines go straight across the slot, and a comparison 
is made between the slot inductance determined mathematically 
from the developed equations and by the usual design formulas. 
In the case considered it is found that the design formulas give a 
value of slot inductance which is about 96 per cent of that obtained 
by the mathematical treatment which is within limits of engineering 
accuracy. An expression is developed which shows the error that 
may be expected in any particular case. 

s|e ie i|( <1 


1. Introduction 

N the last few years several papers have been pre¬ 
sented before the Institute and articles have been 
published in various technical journals on the theory 
and practical application of flux plotting. It has been 
shown that quite accurate flux plots can readily be 
made free hand for many geometrical figures, if they 
are void of current, about the only fundamental require¬ 
ment being a knowledge of the potential difference 
between the various boundaries of the configuration. 
Although the problem is greatly complicated in current 
carrying regions, methods have been outlined for free 
hand mapping of fields under these conditions, and can 
be applied very well whenever the general arrangement 
of the lines of force is known in advance. If the general 
field arrangement is unknown, then a great deal of 
sketching and resketching must be done in order to 
obtain a correct plot, and often much labor can be 
saved by deriving analytically the equations for the 
lines of force and then plotting the loci of these 
equations. 

Several years ago W. Rogowski solved La Place’s 
and Poisson’s equations for the case of a pancake type 
transformer, analytically determining the magnetic 
field distribution about the windings. An excellent 
translation of Rogowski’s work was given by Dr. 
A. R. Stevenson, Jr.,^ in 1926. Shortly after that 
Messrs. Stevenson and Park^ showed the application 
of the analytical method of determining the flux dis¬ 
tribution about the field pole of a definite pole machine, 
including in their discussion several other figures which 
are of theoretical interest. Cases of conductors in 
slots have also been treated with,®but there the solution 

’"Assistant Professor of Elec. Engg., Pennsylvaiua State 
College, State College, Pa. 

fA-C. Engineering Dept., General Electric Co., Schenectady, 
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results in a series which converges so slowly that the 
task of plotting the field is laborious. 

In this paper analytical expressions are developed 
for plotting the flux about rectangular conductors in 
rectangular slots, by use of the method originally 
employed by Rogowski. Flux plots are shown for a 
number of different locations of a single conductor in a 
slot, and for the practical case of two conductors, one 
above the other in the same slot. The mathematical 
expressions are in the form of a series that converges 
very rapidly, thus simplifsdng the problem of making 
the plots. 

In addition to the above, a comparison is made be¬ 
tween the slot inductance determined: (a), by the usual 
design formulas; (b), by mechanically integrating the 
mathematical flux plot to obtain the flux linkages, and 
(.c), directly from the R-equations. 

From the latter a simple expression is obtained for 
use in design formulas to give the increase in inductance 
due to the curvature of the flux lines over the inductance 
determined on the usual assumption that the lines of 
force are everywhere parallel to the bottom of the slot. 

II. Fundamental Equations 

Consider the general example shown in Fig. 1, which 
represents an insulated rectangular conductor at the 
bottom of an infinitely deep slot. It is assumed that: 

1. The permeability of the air, insulation, and 
copper is unity. 

2. The permeability of the iron is infinite. (These 
two assumptions mean that the fiux must enter the 
iron at right angles to the surface.) 

3. The conductors are subdivided, thus eliminating 
skin effects and resulting-in uniform current density. 

Rogowski developed the conception of dividing the 
slot into regions satisfying either LaPlace’s or Poisson’s 
equations; then, by considering each region separately, 
the current distribution may be represented by a single 
dimension Fourier series, and the problem greatly 
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Equations (1) and (2) are the fundamental differential 
but anott,^ current m the one dot only, equations for magnetic fields. R is the vector potential 

applS„oft;:iteCofI^^^ ofthemagneticfieldandisdefinedbytherelations, 

It is well known that with a conductor near an iron ^ R 

surface of infinite permeability it is possible to replace ^ 

the iron surface by a conductor, called the image of the ^ 

first, carrying current in the same direction. Similarly, — bR (^) 

a slot may be replaced by its image on both sides and ^ 

below, see Fig. 2, the first group of images being j 



Fig. 1 —General Case of Conductor Completed Insulated 

PROM Slot 

reimaged, etc. Due to the fact that the slot is open 
at the top only a double row of images exists, which 
then replaces the original conductor and slot, and gives 
rise to a periodic rectangular current distribution, the 
Fourier series of which can readily be obtained. 

The total field of the slot of Fig. 1 is divided into 
three distinct regions: 

Region I. Air district between the images formed by 
the bottom of the slots and the bottom of the conductors. 

Region II. District occupied by the conductors in a 
horizontal row including the air or insulation spaces 
between the conductors. 

Region III. The air and insulation space above 
the conductors. 

Region I, having no currents, satisfies LaPIace^s 
equation. 


X and Y being the x and y components of the magnetic 
field intensity in the slot. 

As pointed out in Stevenson’s translation, the slope 
of a line of force is 

bR 

d y Y bx 

dx ^ X bE 

by 

and hence lines of force and corresponding lines repre¬ 
senting constant values of R have the same slope at 
every point. Therefore, by solving Equations (1) and 
(2) for R in terms of the coordinates x and y, it is possi¬ 
ble to plot the flux field because lines of constant R 
become lines of force. Differences in R are differences 
in flux, the numerical value between two lines of R 
representing the flux within that region. See Appendix 
A for a discussion of the properties of R. 

The current density I must be represented mathe¬ 
matically. This is done as follows: Commencing at 
the left hand side of the slot, Fig. 1, and passing to the 
right, the current density is zero until the conductor is 



Fig. 2 —Images of a Current Carrying Conductor in an 
Infinitely Deep Slot in Iron 


b^R b^R ^ 

^ J .2 + ^y 2 =0 (I) reached. There the current density jumps to a value 

i determined by the total current in the conductor and 
Region II, being a district of currents, must satisfy the cross-sectional area of- the copper. It is assumed 
Poisson’s equation, that the total current is coming out of the paper towards 

^2 R 52 US, bringing in the negative sign of Equation (2). The 

== — 4 T / (2) current density continues constant to the other side of 

the conductor, where it drops back to zero, and then 

■"Herein lies the main difference between the present analysis continues zero to the other side of the slob. For the 
and that of E. Roth, reference 5. He used a two dimensional slots on either side the same distribution holds. This 
Fourier Series. gives rise to the periodic repeating current distribution 
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shown in Fig. 3. It may be represented by a Fourier 
series of the form: 

I = ao + ai cos ky . . . .an cos nky (5) 


2 TT 

where k = -y-, Z = a 4- 2 &; see Fig. 1. 

The value of the coefficient a« may be determined 
from the general integral 



, ,, . nk a 

^cosnky ay = ^ ^ 


w = 1, 2, 3 

M = 0, 


( 6 ) 


tto = 



2 a 
Z 




(7) 


The Fourier series for I then becomes 

»>niao 

r ai . 4i . n T a ^ , .o\ 

« =1 

From a general knowledge of the solution of partial 
differential equations, and the physics of the particular 



Pia. 3—CuRBBNT Density Cuevb fob Potjbibr Series 


problem treated, it will be assumed that the function R 
of Equations (1) and (2) is of the form 

R = Ro -h Ricosky . . . + cos nky (9) 
where Ro. . . Rn are functions of x alone and must be 
determined from the boundary conditions. 

Substituting for R in' Equations (1) and (2) the 
following sets of relations are obtained, 

cZ2 Ro 
dx^ 

Ri 
dx^ 




= 0 


- El == 0 


(lb) 


d^ Rq 
d x^ 


2 TT Q!o = 


—4 Trai 
I 


d^Rx 
d x^ 


— El = — 4 TT a!i 


(2b) 


^^-nn^Rn = -4tq'„ 

These equations have the solutions, 

■Ro = jSo + ^o' X 
Ri = i 3 i €** +/ 3 i' €-** 

Rn = /3« e”** + /3«' 

Ro = 7o + To' X + To" X^ 

Ri = Ti + Ti' H - 


7? = <v p”** 4- “V ' e 4-4 

*bn — TnC "TTn c ^ 

of which the various integration constants must now 
be determined for the different regions. 

Knowing the shape of the final solution, Equation 
(9), there are, for the three regions 
Region I: 

R = Ao + Ao' X + (Ai €** + Ai' € “**) cos k y -\-.... 

+ (A« €”** + An' €“®**) cosnky (10) 

Region II: 

R = Bo “h Bo' X “1“ Bo" x^ 

+ ( Ri e** + El' 6“** + ) cos A; 27 + . . . 

+ ( E„ €«** + Bn' €-«** + ) cos w A; 27 (11) 

Region III: 

R = (7o “H Cq' X 

+ (Cl €** + Cl' €"**) cos A; 2/ H- . • • 

+ (C„ €«** + C«' €-«**) cos w A; 27 (12) 

III. Determination op the Constants 
T he above expressions form the general solution 
of the problem. It is now necessary to evaluate the 
constants from the boundary conditions. These are: 

(a) At the bottom of the slot, coordinate x = 0, 
Y = — d R/d X = 0, as the flux must enter the iron 
at right angles. 

Obtaining Y from Equation (10) and equating 
coefficients, 

Ao = 0, Ai = Ai', . . . . An = A«' 

(b) At the boundary between Regions I and II, 
coordinate x-d — c,X = b R/d y, and Y = - bR/bx 
are continuous since there is no refraction. Also at 
this boundary the constants of Equations (10) and (11) 
must be equal. 
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Therefore, 

Bo' = - 2Bo" (d-c) 

Ao = Bo + Bo' (d- c) + Bo'' (d - cy 
An = Bn' — Bn' 

and 

+ 6-»A(<i-c)] = Bn 4- Bn' 

, A TV an 

(c) Relations similar to (b) hold at the boundary 
between Regions II and III, coordinate x = d, giving 

Cq' = Bo' ~t~ 2 Bo" d 
Bo 4- Bo'd + Bo" d2 = Co + Co 'd 
Bn - Bn' = C„ C„' € 

Bn e”*'* + Bn' = C„ + C„' e-”^^ - 

%2 A;2 

(d) For large values of x the flux goes straight 
across the slot, so 

X = b R/b y = 0, and 

Y = — d R/b X = constant. 

Then Ci, C 2 , . . . C„ all must equal zero as the terms 
in which they are included must vanish for large values 
of X. 

(e) The terms in the regional equations that con¬ 
tain cos nky give the curvature to the lines of flux. 
The other terms are the only ones extant at very large 
values of a;, so must be the flux on the assumption that the 
lines of force go straight across the slot. So at the top 
of the conductor, a; =d, from Equation (2b), Appendix B 

TT Q!o = Co 4“ Co 'd 

Solving these groups of relations simultaneously, 
all constants but Ao are readily determined. If the 
absolute value of R were known at any point it would be 
possible to evaluate Ao, but since R is not known in any 
region Ao can only be given an assumed value, say 
zero. This is justifiable since it is the differences of R 
which are desired primarily. 

The constants thus become: 

Ao =0 (assumed) 

Ao' = 0 


The regional equations are obtained by substituting 
these constants in Equations (10), (11), and (12). 

Region I: 

naoo 

R = 2 QOS nky (14) 

Region II: 

R = — T ao (d — cy 2 T ao (d — c) X — T aox^ 

ft »0O 

n wl 

Region III: 

R = T ao (2 c d — c^) — 2 TV ao c x 

n^co 

+ 2 eosnky (16) 

n=l 

IV. Plotting the Field 

With R a function of both x and y, it is convenient 
to first draw curves of B as a function of either variable 



X Cm 

Fig. 4—^Auxiliary Curves op 22 Against x, Parameter y 
FOR General Case Shown in Fig. 6 




Bo = — TV ao (d — cy 
Bo' = 2 TT Q!o (d — c) 
Bo" = — T ao 


Bn = 


2 T an , 
n^k^ 



B^' = [£-«&(<«-C) _ £nfe(d-c)] 

n^ k^ 

Co = TT ao (2 c d — c^) 

Co' = — 2 TT ao c 
Cn =0 

n^ k^ 


with the second variable as the parameter. In some 
cases, for instance plotting the field in detail about the 
kernel, or point upon which all flux lines apparently 
collapse, both sets of parametric curves are required 
for accuracy. The general example illustrated in this 
paper makes use of Figs. 4 and 5 in which R is plotted 
as a function of x for constant values of y. 

(13) From these auxiliary curves, lines of B = a constant 
are chosen and the various coordinates then easily 
obtained from the graphs. The final plot of the mag¬ 
netic field about the conductor insulated from the slot 
on all sides is given by Fig. 6. It was not found neces¬ 
sary to go above the second harmonic in order to secure 
fairly accurate calculations. This greatly simplified 
the numerical work. The following data, including the 
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dimensions of the slot and conductor, accompany the 
map. 

a = 4 cm., 6 = 1 cm., c = 6 cm., d = 1 cm., i = 30 
abamperes per sq. cm. 

In reference to the auxiliary curves of Figs. 4 and 5 
a few interesting points should be noted. These graphs 
show both positive and negative values of R. This 
does not indicate that flux is going in two directions 
about the kernel, for the differences in R are always 
negative, the direction of the flux being counter clock- 
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Pig. 5 Auxiliary Curves oe R Against x, Parameter y, 
For Q-eneral Case Shown in Pig. 6 

wise, as shown by the auxiliary curves and as reasoned 
by the right hand rule. It will be remembered that 
the constant Ao was assumed zero in lieu of its actual 
value which could not then be determined. If Ao 
could have been correctly determined numerically, the 
R = 0 line would become a point, the location of the 
kernel. Only negative values of R would then appear 
on the auxiliary curves. 

The final graph. Fig. 6, shows values of flux which are 
negative only, the R — 0 line being purposely pushed 
back to the kernel by adding negative flux of amount 
equal to the positive flux which was originally found. 

It will also be noted from Fig. 5 that the curves tend 
to merge into a single line. This means that the lines 
of force become straighter as x increases. Theoretically, 
lines of R would cross the slot straight at infinity, but 
practically their curvature can not be noticed much 
above the top of the conductor. 

It is good practise always to make a rough check on 
any problem when possible. In this particular case a 
check is made on the density of the flux crossing the 
slot a little above the conductor. The total current in 
the slot is 72 abamperes which gives an m. m. f. of 
288 gilberts. The path reluctance per square centi¬ 
meter is 6, hence the flux crossing the slot is 151 lines 


per sq. cm. On the graph this value is obtained and the 
accuracy of the work is thus determined as far as flux 
density is concerned. 

Likewise, a check is made on the actual total flux 
crossing the slot, the numbers to the right of Fig. 6 
indicating the flux up to that point calculated on the 
assumption that the lines go straight across the slot. 
It is distinctly noticeable that such an approximation 
gives less flux near the bottom of the slot than is 
obtained by the more correct method. To compensate 
for the increased flux at the bottom of the slot when 
determined by Rogowski’s method, there is, however, a 
•greater density in lines in the other case as one moves 
up the slot. Near the top of the conductor, the differ¬ 
ence in total flux calculated in the two manners is very 
small, and directly above the conductor the difference 
is negligible. As previously pointed out, the two lines 
of R equal to the same definite value tend to coincide, 
and on this basis the application of Rogowski to slots 
of finite depth is justified. 

The method of calculating the flux upon the assump¬ 
tion that the lines have no curvature is contained in 
Appendix B. 



Pig. 6—^Plux about Conductor oe General Case 

V. Special Cases 

The foregoing treatment considers the purely general 
case in which the conductor does not touch the slot at 
any point. The kernel is therefore inside the copper, 
as shown by Fig. 6, and as would be definitely deter¬ 
mined by free hand graphical methods of plotting the 
magnetic field. The higher the conductor in the slot, 
the nearer does the kernel approach the geometric 
center of the conductor, the limit being the instance in 
which the slot is without a bottom. 

Conversely, the nearer the copper approaches the 
bottom of the slot, with equal air-gaps between the 
sides of the conductor and the slot walls, the nearer 
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does the kernel approach the middle of the lower face 
of the conductor. This limiting case is shown in Fig. 7. 
The general equations of and the auxiliary curves 
from which these flux lines were plotted, are contained 
in Appendix C to which the reader is referred. 

In calculating the flux upon the assumption that it 
goes straight across the slot, the height and total current 
of the conductor are the major factors concerning the 



7—^Fiiux Field about a Conductor Which Touches the 
Bottom but Not the Sides oe the Slot 


thus excluding the rest of the current region, Fig. 10 
resulting. Since the kernel is at the center of the 
circular sector, if the radius is made infinite, the kernel 
moves to infinity, giving the slot and conductor of Fig. 
11. This is exactly Fig. 8. 




§ § < 

S OO 1 


§ i 

LVkvv 


y -4000 


^ -30QP 
/ 

QBBBBBBBBBBBiBBBgli 

SSSBBBSBBBBBBBBBg 

-2000 

/ 

/ 

^ -1000 
^-500 

^ 'infi 


n 

3BB«s«sos«sagnsai 

1 







7 “20U 




-30 

y n 


0 

/ 


Fig. 8—^Field about Conductor Completely Filling Slot 



Fig. 9—Copper Cylinder with Iron Core 


conductor itself. Of course, the current density 
depends upon both of the copper dimensions, but the 
width of the copper for a given total current has no 
effect upon the flux distribution, as it distinctly has in 
the two previous cases. 

The conductor then might just as well extend dear 
across the slot, see Fig. 8. Of interest here is the fact 
that to leave no air space between the sides of the copper 
and the iron seemingly shifts the kernel from a point 
within the current carrying region to infinity below the 
conductor. No matter how small the air space may 
be, just as long as it is not zero, the kernel is still on the 
plot. But when the air space becomes zero, the kernel 
loses its identity on the field map. 

Dr. Stevenson has suggested a simple figure to show 
physically why this may be true. The scheme has 
practical value as well as academic interest for it can be 
applied in other cases to determine the location of the 
kernel. It is therefore included in this paper. 

Fig. 9 shows an iron cylinder enclosed by a concentric 
current carrying conductor. The lines of no work all 
converge at the center of the two cylinders. Now 
consider the sector between the two lines of no work 
given in the sketch. By the method of images, these 
lines of no work may be replaced by an iron surface. 



V 


Fig. 10—^Equipotential Surfaces of Fig. 9 



Fig. 11—^Modification of Fia. 10 


The conductor under discussion is contained in what 
was formerly Region II. It is then noted, that substi¬ 
tuting the condition of d = c in the terms of Equation 
(11), only one term remains, i e., Bo" which is 
— T oio x^. This result defimtely states that flux passes 
across the slot only in lines parallel to the lower face 
of the conductors, mathematically showing that the 
kernel is at infinity. Although this point may appear 
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academic, it is nevertheless of interest for the proper 
location of a kernel in a field plot is often a problem of 
importance. 

VI. Slot with Two Conductors 
The slot containing two conductors,completely in¬ 
sulated from each other and from the iron walls of the 
slot, and placed one above the other, is typical of 
S3rnchronous machine design and therefore forms one 



PiQ. 12 —Slot with Two Condttctors 

of the most practical applications of fiux plotting by 
the mathematical method. 

In the solution of this problem the entire field is 
divided into five regions, see Mg. 12. As before. 

Region I: Air district between the images formed by 
the bottom of the slots and the bottom of the lower 
conductors. 

Region II: District occupied by the lower conductors 
in a horizontal row, including the air or insulation spaces 
between the sides of the lower conductors. 

Region III: The air and insulation space between the 
upper and lower conductors. 

Region IV: District occupied by the upper con¬ 
ductors in a horizontal row, including the air or insu¬ 
lation spaces between the sides of these conductors. 

Region V. The air and insulation space above the 
upper conductors. 

The air regions satisfy La Placets equation. Equation 
(1), and the current carrying regions satisfy Poisson’s 
equation. Equation (2). 

In the general c^e previously discussed, it is obvious 
that the magnetic field for the single conductor in 
any certain configuration will always yield one type of 
plot. Its form will be altered only by slot and copper 
dimensions, but will not be affected by the magnitude 
of the current. The direction of flow of the current will 
of course, change the direction of the lines of flux. 

The solution of this problem, however, brings into 
consideration the direction of the flow of current in the 


conductors, that is, whether or not the current in the 
upper coil side is flowing in the same direction as the 
current in the lower coil side. Furthermore, the rela¬ 
tive magnitudes of these currents are important, because 
for each ratio of the two densities there exists a distinct 
field. An infinity of flux plots is thus the complete 
answer to the problem. Although any one of these plots 
can be accurately determined, it is only within the scope 
of this paper to fully discuss two important types and 
to indicate the solution for any other set-up. 

The illustration first treated with here is that in 
which the two conductors carry equal currents in the 
same direction. Similar to Mg. 2, the current carrying 
regions will now be represented by two infinite series 
of reflected and rereflected images, one above the other. 
Each region has its own Fourier series for the current 
density, and since the density is the same for each 
group of images, the Fourier series is thus the same for 
each region and is of the form given by Equation (8). 

The form of the function R is as it was before, and 
from its substitution in Equations (1) and (2) are 
obtained the two sets of relations given by Equations 
(lb) and (2b). The first set of relations now holds for 
Regions I, III, and V, since they carry no current, while 
the second group holds for Regions II and IV, the cur¬ 
rent carrying districts. The general solutions for R, 
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PlQ. 13—^PlBLD ABOUT A TwO-CoNDUOTOR SlOT 
Ourrents In the conductors equal and In the same direction 

and the constants for these equations, are obtained 
m hke maimer to the ones detailed in Section II of the 
paper. It is necessary now to solve simultaneously the 
five sete of regional solutions in order to determine the 
coefficients Ao, An, . etc. The reader is referred to 
Appendix D for the complete mathematical analysis. 

• S if ^ note that only one kernel appears 

m Mg. 13. But It IS also noticeable that the flux through 
the lower part of the upper conductor shows consider¬ 
able curvature, indicating a disturbance which is caused 
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by the kernel that conductor would have if acting 
alone. The total m. ni. f. of the lower conductor is 
acting to send flux in a counterclockwise direction across 
the slot, while near the lower face of the upper conductor 
the m. m. t of this current acts to send flux in a clock¬ 
wise direction across the slot. The latter m. m. f., 
however, is very weak within this small interval, and 
the stronger m. m. f. predominates to the extent that 
any second kernel is wiped out. 

The numbers to the right of Fig. 13 were obtained by 



Fig. 14 —^Fibld About a Two-Conductob Slot 
Ourrents In the conductors equal but In opposite Hir AntfAw, . , 

calculating the flux on the basis that it crosses the slot in 
straight lines. It makes little difference in the values of 
total flux above the lower conductor, as indicated by the 
results. 

The case in which the conductors carry equal cur¬ 
rents but flowing in the opposite direction is considered 
next. Whereas both currents in the previous illustra¬ 
tion were flowing in a negative direction, that is, up out 
of the figure, the upper current will now be assumed to 
flow positively. Within this reversed current district. 
Region IV, Equation (2) must be altered to read, 

d^R d^R 

dx^ 5^/2 ~ ~f~ ^ ^ (17) 


sides, the flux plot is practically dependent only on the 
lower conductor because of the extremely weak field 
in that region produced by the reversed current above. 
Within the upper copper, however, the lines rapidly 
change their shape, eventually closing within the slot 
about a second kernel. 

Fig. 15 shows the field in detail about the second 
kernel. - Immediately about the kernel the flux travels 
in approximately elliptical paths, the outer approaching 
the slot walls and closing upon themselves at very great 
distances. Beyond this group of lines the flux strikes 
the sides of the slot. These plots verify those deter¬ 
mined graphically by Calvert and Harrison.^ 

Pli^ plots for armature slots of a synchronous 
machine are necessarily dependent upon instantaneous 
values of current, except for full-pitch coils. In these 
instances the currents in the conductors bear a constant 
relation to each other. The field plot will then have 
the same conformation although a changing magnitude 
of total flux. In actual practise full-pitch windings 
are seldom used, the usual design being somewhere 
near ^ pitch armature coils. The cxirrents in the 
upper and lower conductors now differ in time-phase, 
each instant of time there corresponds a new 
flux plot. 

The method by which a field map may be made for 
any ratio of conductor currents is very simply outlined. 
The only important step is to adjust the signs of the 
Fourier series for the current densities of Regions II 
and rv. For currents in the same direction both series 
vdll have the same sign which will depend upon the 
direction of the current flow. For opposite currents 
the series will then of course have opposite signs. 
Substitution of these current density forms in the 



if I, the current density expressed as a Fourier series, is 
to be the same as it was before. If, however, I is 
changed in sign then Equation (2) still will hold. The 
final regional expression for the upper conductor con¬ 
tains a change of sign before the term including 
Such a condition calls for a new determination of all of 
the coefficients in the regional equations because these 
relations must be solved simultaneously. The analysis 
for this case is given in Appendix E. 

Pig. 14 illustrates the field about the same two 
conductors of Fig. 12, the upper current now being 
reversed. At the bottom of the slot and well up the 


Fig. 15 —Dbtailbb Fiblb Showing Whibl op Flux about 
Top op Upper Conductor op Fig. 14 

regional equations will automatically care for all 
algebraic signs which follow. 

The regional expressions for R for the cases of two 
conductors in a slot, one above the other, were obtained 
by treating the field as a unit. That is, the entire field 
was divided into five distinct districts, the relations for 
which were solved simultaneously in order to satisfy 
the boundary conditions. The resultant R expressions 
may also be obtained from the equations of the single 
conductor slot by the principle of superposition. Since 
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saturation is excluded from the problem, fluxes may be 
superposed as well as m. m. fs., which was fundamental 
to the other method. 

Fig. 16a shows a slot with only the lower conductor 
present. The Roman numerals refer to both the regions 
and their accompanying equations which are those 
developed in Section II of the paper. Fig. 16b shows 
only the upper conductor in the slot, the regional 
expressions for which also are derived in Section II. 
These last equations are the same as those previously 
obtained except for a change of slot dimensions. The R 
equations represent magnetic fields, hence superposition 
allows of the addition of the sets of regional expressions 
for the two conductors considered separately. The 
resulting derivations for the five regions are indicated 
in Fig. 16c. These two methods have been used in the 
paper as a check on each other. 

VII. Inductance Comparison 

One of the most important applications of flux 
plotting is the determination of the inductance of a 
current carrying system. To illustrate the method, the 
inductance of the conductors in the slot under considera* 
tion has been determined. In a paper recently pre- 



Fio. 16 —^Addition of Regional Equations for Superposition 

OF Fields 

sented to the Institute by Mr. P. L. Alger,^ a very com¬ 
plete discussion was presented on the leakage reactance 
of the armature winding of a synchronous machine. 
In his paper, slot leakage inductance is calculated by 
assuming that the flux lines in the slot go straight 
across. This, of course, involves an error because the 
curvature of the lines as seen in the plot of Fig. 13 is 
such that a given flux will link more current than if 
the flux goes straight across the slot; therefore, the exact 
method will give a larger reactance. However, the 
amount of error due to the approximation will be seen 
to be so small as to be negligible. The reader is referred 
to Appendix F for the derivations of the inductance 
formulas. 

The following tabulation shows the various com¬ 
ponents of inductance as determined graphically by 
mechanical integration of the flux plot, and, analytically, 
under the assumption that the flux lines go straight 
across the slot. This analysis has been carried only 
to the bottom of the wedge. Fig. 12. 



Inductance ta (abheiirys)/iV^ 

Present approximations 

Mechanical Integration 
of Fig. 13 

II 

0.150 

0.138 

III 

0.250 

0.250 

IV 

1.005 

0.950 

V 

0.758 

0.753 


2.163 

2.091 


This comparison shows an increase of approximately 
3.5 per cent in the inductance determined from the 
mathematical flux plot. Such an increase is very 
reasonable since the assumption that the flux lines go 
straight across the slot is in error to some extent in 
regions near the bottom of the slot. This is shown in 
the figure, the values on the outside of the slot indicat¬ 
ing the flux determined on this basis. 

In Appendix G the inductance of the two conductor 
slot is determined mathematically from the vector 
potential R. The expression therein derived shows 
directly the magnitude of the correction term which 
gives the* increase of inductance due to the curvature of 
the flux lines above the inductance calculated on the 
assumption that the lines of flux go straight across the 
slot. The correction term becomes, by omission of the 
insignificant terms 

^ 2T p™'~pXlO-»henrysperA?2 

( 18 ) 

This is simple enough for use in design formula wher¬ 
ever it affects the accuracy to an appreciable extent. 
For the slot of Fig. 13 

L' = 0.087 X 10“® henrys per 

or an increase over that obtained by Equation (12f) 
of about 4.1 per cent. 

This agrees with the increase in inductance obtained 
from the flux plot, being slightly higher because the 
mechanical integration of the flux plot is limited to 
finite increments whereas the mathematical method 
deals with infinitesimal increments. 

VIII. Detailed Plots 

The flux plot of Fig. 17 has been made for general 
interest to show in detail the field about the kernel of a 
conductor. The distance between the lower face of the 
conductor and the slot bottom was made great enough to 
bring out the whirl of flux in a pronounced manner. 
The calculations were obtained from Equations (14) 
and, (15) of Section III of the paper, it being assumed 
that the slot and conductor were infinitely long. Other 
dimensions are 

a — 0.45 in., d = 0.90 in., i = 2700 amperes per sq. in. 

The width of the conductor in this particular case 
was chosen exactly equal to half of the slot width, and 
it was foimd that such a ratio of dimensions eliminates 
all second harmonic fimctions of the general R equations. 
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This reduces calculations to some extent. Of further 
interest is the fact that in Figs. 13 and 17 there is one 
line which is a continuation of the sides of the conductor 
below the conductor. Preliminary calculations for the 
case of a = 2 6 show this line to be 22 = 0, but this in 

tumisonly true because of the assumption that A 0 = 0. 

The R = 0 line of Fig. 17 has been pushed back to the 
kernel as it was in the former case, so as to give actual 
values of flux as one proceeds outward from the kernel. 

Summary 

The usual types of rectangular slots met in practise 
have been considered, and the general method of attack 
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Appendix A 

Properties op the Vector Potential R 
In the second section of the paper, under “funda¬ 
mental equations,’^ La Placets and Poisson^s equations 
were solved by assuming that a vector potential func¬ 
tion R exists such that 

R = f(x, y) (la) 

22 is the magnitude of the^componentof the vector poten¬ 
tial of the magnetizing force and satisfies the relations 




Fig. 17 —DstaujEd FixiiD of a Condtjctob Showing Whirl 

OP Flux aboxtt Kernel 


in determining the flux distribution about them has 
been given in sufficient detail to make its application to 
other examples quite clear and straightforward. The 
general equations which have been developed may be 
applied to any slot by simply substituting for the 
particular dimensions involved. 

The error in inductance calculated on the assumption 
that the flux tubes go straight across the slot has been 
shown to be small enough to be negligible in usual slots 
met in practise, thereby indicating that present assump¬ 
tions give sufficiently accurate results for engineering 
purposes. 
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5 22 


= X 


(2a) 


X and y are the space coordinates and X and Y are the 
intensities of the magnetic field in the x — and y — 
directions, respectively. The form of the function was 
then determined, and with the solutions for 22 in the 
various regions, the flux lines were drawn by plotting 
curves for 22 = a constant, increments of 22 being taken 
as increments of flux. The relation between the vector 
potential and flux is not an obvious one to persons 
unfamiliar with vector analysis, and although some of 
the results of this Appendix have been given before, this 
short analysis is included for the sake of clarity. This 
development is due to Mr. L. P. Shildneck, one of the 
authors" associates. 

In order that the curves of 22 = a constant gLall 
represent flux lines, it is necessary and sufficient that 
these curves have: first, the same slope at every point as 
the flux lines; and second, equal increments of flux 
enclosed by lines of equal increments of 22 throughout 
the entire field. 

Lines of 22 = a constant may be shown to have the 
same slope as the flux lines as follows: The components 
of the field intensity in the x— and y— directions 
being X and Y, respectively, the slope of the flux lines 
isY/Z. Since 

R = fix, y) 

the total differential of 22 is 

= (3a) 

If the equations 22 = / («, y) are plotted for 22 = a 
constant, then along any curve d 22 == 0, or 


522 
5 X 


dx + 


522 

52 / 


= 0 


whence 


(4a) 


5 22 



5 2 / 


Therefore, curves of 22 = a constant have the same slope 
as the lines of force. 

The following method can be used to show that 
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equal increments of R give equal increments of flux 
throughout the field of force. Fig. 18 shows a section 
of the field R =‘ f (x,y). Let V = <l> (x, y) = a. con¬ 
stant be the equipotential lines, which are orthogonal 
to the flux lines and therefore to the R = f (x,y) = & 
constant lines. 

Similar to Equation (5a), the slope of the lines V r= a 
constant is 


bV 



by 

Since these two systems are orthogonal, the slope of the 



Pig. 18—^Equipotential Lines and Flux Lines in a Geneeal 

Field 


R curves must equal the negative reciprocal of the 
slope of the V curves, or 


( dy \ 

1 


(7a) 

V dx j 

R 

II 

1 

< 


so that 




bR 

bY 



b X 

bR 

by' 

dy 


(8a) 

by 

d X 



At any point, P, in the field, the intensity is given in 
magnitude by 

H j (Z2 + 72 )i = |'( 

!!/+(- 

d R 

dx )j 


and the flux density is 



(9a) 




Considering an elementary area of unit width and of 
length in the direction of y = a constant 

dl = [ (dxy + (dyy ]i 

then the flux enclosed between any two lines of force, 
R == Ri and R = Ri, is 

0..-.^.. = /. J [(II) 

R=Ri 


+ (If 


by 

Transforming, 


dy 

dx 


[ ((te)* + J = [n-( 

ay ’’ i 

=[i+(-|i)]>=[i+( 
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= [( 


bR 

b X 


bR 


]‘ 

(lla) 

) J dx 


bR 
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/ 

'1 bR 

) 

dx 

/ « 

dx 

\ 

(12a) 

d X 



whence 

<j)R 2 — (pRl 


R^Ri 


dx 

bR 

b X 


(13a) 

The first term in the brackets of Equation (13a) 
becomes directly 

bR \\ dx 


(—) 

\ bx ) 


bR 

b X 


b X 


dx 


(14a) 


From Equation (8a), for any curves i? = a constant 
and y = a constant, 

bV bR 


d~ _^ 

® ay 


d X 

bR 


dy 


(15a) 


bx by 

The second term in the brackets becomes 


/ aB / iiR \ . afi , 

bx bv bx 


bRdx . ^R 


by bx 


Therefore, 


(16a) 


R^Rz 

— <pRi ~ ^ [ 

R^^Ri 


, afi 


■dtf ] (17a) 


From Equation (17a) it is seen that the expression 
to be integrated is simply the total differential, d R, 

R^Rz 


. * . <^R2 — <l>Rl 


■'J 

R’^Rl 


d R — fx i^Rz ~~ Ri) 


(18a) 


This means that if equal increments of R are chosen, 
then the flux between any two adjacent lines of force 
is the same. 

It is interesting to note at this point that if the 
initial conditions which R must satisfy. Equation (2a), 
had been chosen such that 

bR 

dy _ by_ _ X 

dx ~ b R Y (1®®) 

b X 
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or more explicitly 

bR 

~r~ = 

o X 

bR I ' (20a) 

-- Y 

by 

the function R = a. constant would have given equi- 
potential lines. 

Appendix B 

Approximate Determination of Flux 
In calculating the flux created by a current-carrying 
conductor in a slot, and in obtaining the inductance of 
the slot due to this flux, it is usual practise to make the 
basic assumption that the lines of force go straight 
across the slot. Although this procedure gives inaccur¬ 
ate results for certain regions, in general the approxima¬ 
tion for the entire field is sufficient for engineering 



Fig. 19 —Conductor Touching Sides but Not Bottom op 

Slot 


answers. To check the values obtained by the more 
accurate method of Rogowski, the flux has also been 
calculated by this process, a short discussion of which 
is here included. 

Consider unit length of the slot shown in Fig. 12. 
The flux through the tube of height dx is 

, . .. * dx 

d4> = 4 IT - ■- (lb) 

where %' is the total current in abamperes of the con¬ 
ductor. The first part of the right member of Equation 
(lb) is the m. m. f. below the tube considered, and the 
second part of this member is the permeance of the 
tube. 

Integrating, the total flux included in the interval x 
is therefore 


4 -TT 


Maxwells per unit length 


and the total flux within the conductor is 
, 2 TT c ^ ^ 

9 = - -Maxwells per unit length 


(3b) 


It was from Equation (2b) that the values given to 
the right of Figs. 6, 7, 8, and 13 were obtained. 

From this discussion it is obvious that if the flux 
lines go straight across the slot, the height of the 
conductor above the bottom of the slot has no effect 
on the form of the field. As far as total flux is con¬ 
cerned, Fig. 19, which shows an air space beneath the 
copper, is identical with Fig. 8. There is no flux be¬ 
tween the lower face of the conductor and the slot 
bottom. This is not true for the general case illustrated 
in the body of the paper. 

Appendix C 

Conductor Touching Bottom BUT not Sides op Slot 

The special case in which the conductor does not 
touch the sides of the slot, but does come in contact 
with the bottom, is easily obtained from the general 
treatment by omitting Region I from that discij^sion. 
That is, Redons II and III only, of the general case 
are now present in the new problem. 

The Fourier series for the current density is identical 
in form to that formerly determined since any region 
below the conductor in no way affects the current 
density of the region in which the copper is situated. 

The general solution of the problem is given by 
regional Equations (11) and (12) in the main body of 
the paper. 

The constants for those equations are calculated as 
before by consideration of the boundary conditions 
between regions, and thus 

Bo = 0 (assumed) 

Bo' = 0 

Bo" = — TT CKo 


B„ =- 


2 TT <Xn 


Bn' = Bn 
Co = TT do 

Co = — 2 TT ao c 
Cn =0 


Cn' = 


2 TT (Xn 
^2 


^nkd - ’^nkd\ 


The final regional equations are 
Region II: 


B=-7rQ!oa;®+2 [•Bn(6”^+ €~”^) ^^nky 
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Re^on III: 

n 

E — TaoC®—27raoCx4- 2 CJ « cos nky 

n »1 

(2c) 

Fig. 7 in the body of the paper was plotted with the 



n-oo 

n a*l 

Region III: 

n “CD 

R = Co + Co' a; -f- (^« + C'n 'e“’***) cosnky 

n “1 

(3d) 

Region IV: 

R - Do + Do' a: + Do" a;^ 

««00 

+ 2 ( ^2 jj; 2 ”) co&nky (4d) 

Region V: 

n“Oc 

B-So + £V*+ 2 cos wife!/ 

The constant terms of the above regional equations 
are determined, as outlined in Section III, by substi¬ 
tuting the boundary conditions and equating coeffi¬ 
cients. The boundary conditions are as follows: 

a. At the bottom of the slot, coordinate x = 0, 
since the lines must enter the iron at right angles to the 
surface, 7 = — d R/b x = 0 


Pig. 20 — Ctoves op B against x, Paeambteb y, poB Case 

Shown in Pig. 7 

aid of the auxiliary curves shown in Figs. 20 and 21, the 
constants for the slot and conductor being 

a = 0.45 in. 
b = 0.225 in. 
c d = 1.63 in. 
i = 1960 amperes per sq. in. 

In this case also, the R — 0 line has been pushed back 
to the kernel by the addition of a certain amount of 
negative flux. The lines of R shown in Fig. 7 then 
become the actual quantities of flux produced by the 
current in the conductor. 

Appendix D 

Slot with Two Conductors Carrying Equal 
Currents in the Same Direction 
The general method of attacking the problem of 
two conductors in a slot was outlined in Section IV of 
the paper. This appendix contains the general equa¬ 
tions and constants for the above case in which the 
conductors carry equal currents in opposite directions. 

The regional equations for R are similar to those 
formerly obtained. 

Region I: 

• n«co 

= Ao -h Ao'r + 2 (An + An' €“"^) cosnky 
Region II: 

i? = Bo + Bo' X Do" 


b. At the boundaries between each of the regions 
the lines of force are continuous (because the perme¬ 
ability is constant) and therefore R and its first partial 



Pig. 21— Cubves op JR against x, Parameter y, for Case 

Shown in Pig. 7 

derivatives with respect to x and y must be continuous. 

c. For large values of x the flux goes straight across 
the slot, so A” = 0 and Y = constant. 

d. The value of the sum of the terms independent 
of cosnky can be obtained from Equation (2b) 

There result twenty-one equations for twenty-two 
unknowns, and by assuming Ao = 0 the constants are 
obtained as follows: 
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Ao =0 (assumed) 


Ao^ = 0 

2 TT CX 

A,/ = An 

So = — T CXo (d— cy 
Bo' — 2 TT ao(d — c) 
Bo" = — X Qfo 
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are shown in Kgs. 22, 28, and 24, fora current of 1086 
amperes per conductor. 

Appendix E 

Slot with Two Conductors Carrying Equal 
Currents in the Opposite Direction 

Reference was made to this appendix in Section IV 
of the paper under the discussion of the above case. 


B 


n 


2 TT Ofn 


j-^-nftCd+e) 


g —nkd 




®"' “ - 6-”“] 
__ ^-nk(4+c+e) _j_ ^-«&(rf+e)j 

Co = T OJo (2 C d — C2) 

Co' = — 2 X ao c 



2 X Qfn 
k^ 


[€ 




^k(,d —c) ^ ^ •^nkd 


Do = TT oLo (2 c d — 2d e — c^~ d^ — e"^) 

Do' = 2 X cKo (d + e — c) 

Do" = — X tto 

n = -«&w+c+«) 


2 TT O' 

^ ~^ A;2 ~ ^ €-«aw-c)_ g«A(rf-6)_^ g-«*(rf+6)_g«&(d+«) 
_ ^-nkd ^nkd _ ^-nk{d+e-\-e) | 

Do = 2 X cuo (2 d + e) c 
Do' = — 4 X Q!o c 
D„ = 0 

2 TT Of 


_j_ g-»&(d+e) _ ^«A(d+e)_ ^-«&(d+c+e) g«*(d+6+e)| 

The final ecjuations for R in the various re^ons 
become very cumbersome when the constants are 
substituted so they are omitted here. 

The dimensions of the slot, Fig. 12 are: 

a = 0.45 in. 

& = 0.225 in. 
e = 1.18 in. 
d = 1.405 in. 
e = 0.716 in. 

/ = 0.53 in. 

The D-curves from which the above plot was made 




Pig. 23 CtrEVBs of R against x, Parameter y, for Case 

Shown in Pig. 13 


The regional equations for B are: 

Region I: 

D - Ao + Ao'a: + 2 + A„' €””**) cosnky 

n =«1 

P. • TT 

Region II: 

D = Do + Do' X 4* Do" x'^ 

ft «00 

+ 2(-B»‘’*' + 5n'c-»^ + ^”)c0SBfcj, (2e) 

ft-1 


o o 
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Region III: 

C„ 

R = Co + Co'a; + 2 cosnky 

«“i ^ 

(3e) Cn 

Region IV: 

R = Z)o “H -Co' a: H- JDo" a:^ 

««oo ^ Z)o 

+ 2 (■^« “* nky (4e) -Co' 

«=i _ -Co" 

Region V: 

»=■“ Z)„ 

R = i^o + £?o' a; + 2 (^» cos wifc 2 / 

«=»1 

(5e) 

The constant terms of these regional expressions 
are determined as those of Appendix D. The boundary 

Eo 


?JL^ f^~»fe(d+c+e) _ .-nHd+eh 

vfk? ‘‘ ' ' 

2 TT (Xn ^fik(jd +c +«) ^ —nfc(rf +«) ^ 

I ^—nk{d^c) _ ^%k{d^c) _|_ 

TT Q!o [2 c d — + (d + ] 

— 2 TT Qfo (C “f" d -|“ C) 

T ao 

^ -«&(rf+c+c) 

nn^ 

2 T Q?7t r —+e-i-c) —»&(rf+e) -—nkd 

I ^ ^nk(d —c) — c) ^ ^ +«) 

— 2 IT Q!o (c^ H- c e) 


*1500 

✓ 


-2500 

R 


-3500 


-4500 

Pig. 24—Curves op B against x, Parameter y, for Case 

Shown in Pig. 13 

conditions are the same in the two cases. The constants 
are as follows: 

Ao =0, (assumed) 

Ao' = 0 

[€ _ g g -«&(d -c)j 

Ar^ = A« 

Ro — — IT a(i{d— cy 

Bo' = 2 TT ao (d — c) 

Ro" = — W CKo 

— ^-»*(</-he) _ -nM 
71'“ /&'“ ^ 

_|_ ^~nk(d-c) __ gn&(d-c)j 

0 = — TT ao (c^ — 2 c d) 

' = — 2 TT ao c 
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Eq' = 0 

R« =0 

, ^” r -„Ar(tf +c +e) - -nk(d +c) - -wfol i ^ - hA(</ -c) 

772 jfc 2 ^ -e i-6 

_ ^nk(d--c) _j_ ^nkd ^ ^nk(d+e) _ 

The current is 1036 amperes per conductor, as before. 
The R-curves for the detailed plot of this case. 



Pig. 26—Curves op B against a, Parameter y, poa Case 

Shown in Pig. 16 

mentioned in the body of the paper, are given by Fig. 
25. From the values of R has been subtracted Eo. 

In calculating R-curves from the above equations, 
one meets with the terms e The first 

exponential involves very large numbers and the 
second one very small numbers, both of which are not 
easily obtained on a slide rule or in tables. It is much 
.simpler to reduce all exponential products to a single 
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tern by fct adding the exponents. This facilitates eal- 
cuiations because now a slide rule can generally be used. 

Appendix F 

Graphical Determination op Inductance 
The comparison between the results for the deter¬ 
mination of slot inductance, as obtained by graphical 
methods and as calculated by design formulas, was 
given in Section VI of the body of the paper. This 
appendix includes the derivations of the expressions 
from which these values were obtained. 

It mil be remembered that the inductance of a system 
IS defined as the flux linkages per ampere. In many 
problems met in practise, this definition cannot be 
applied directly, since, as is the case with large con¬ 
ductors, there is a component of inductance due to 
flux linking only part of the current. It is, therefore, 
customary to consider a large conductor to consist of a 
^eat many smaller conductors connected in series so 
that all carry the same current. Then the partial 
linkages become total linkages and the above definition 
of inductance is applied. 

The following additional symbols will be used: 

N = the total series turns in a slot (on the basis of the 
above conception of inductance, N is very 
large, although practically it need not be). 

N' = the series turns linked by any element of flux. 

(f>n — flux in region n. 

An = area of copper section in region n. 

I = current per turn in amperes. 

Ln = inductance in henrys due to flux in region n. 

X = distance measured upward from the bottom of 
the lower conductor. 

The inductance of the slot of Fig. 12 will now be 
determined for each region. Region I, of course, being 
omitted. 

In Region II 

aLii — j-10~® henrys (If) 

Although Fig. 12 shows the elementary tube of flux 
going straight across the slot, the tube will in general 
be curved, see Fig. 13, The interlinkage factor N' in 
Region II is given by 

N dAn 
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conductor, and is applied by taking all of the elements 
a An enclosed by increments of flux d <l>u. 

Consider the tube of flux between the — 300 and 
— 450 lines of Fig. 13. The increment of flux, 
<p _ — i 5 () surrounds the series turns in the 

copper section beneath 
the - 300 line to the total copper section of the lower 
conductor. The areas were conveniently determined 
by a plammeter, this ratio being 0.526. From Equa- 

tion (2f), that part of the total slot inductance due to 
the element of flux is, 

0.526 X 150 


1036 X 10 ** — 0.0762 X 10~® henrys 

based on a slot containing two turns in series. Since 
inductance is directly proportional to the square of the 
senes turns it would be better to write the above value 
as 0.019 X 10~® henrys per N^. 

The inductance due to any other tube of flux is 
obtained in an identical manner. The summation of 
these values throughout the region occupied by the 
lower conductor will thus give the inductance of the 
slot due to the current and flux in that region. 

It should be mentioned here that the graphical 
method is accurate only when small increments of flux 
are taken. For the case at hand, the 150 line intervals 
are too great and they should be broken up into at least 
three 50 line periods, which yields a somewhat greater 
value of inductance than the other calculation. 

If the flux lines are assumed to go straight across the 
slot, then the interlinkage factor becomes 


N d All 


N 


X 


Lit 


and since the flux through an elementary section of 
height dx, per centimeter of slot length, is 

, 4: TT NI dx 

^ = Z-Maxwells (3f) 


w 


the inductance of Region II is 

J. C nN‘e 

I J ( 7 ) 


x^O 


Lii 


(4f) 

All of the flux in Region III links all of the current in 
the lower conductor, hence 


where dAn is the area, or current, enclosed by the 
element of flux d 4>ii. N/2 is necessary since only half 
of the total series turns are contained in the lower and 
conductor. " 

Then the total inductance of this region is 

N 


J J. N d cl>iii 

aJjtii = — =— 10"® henrys 


Liii = 


N 


henrys 


(5f) 


T ^ y A , 

^ 2 I All ^ ^ henrys (2f) to be obtained graphically. 

.. ,. . 1 lines are assumed to go straight across the 

where the summation extends throughout the lower slot. 
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IT e 

Liii = — - — 10“® henrys (6f) 

In Region IV the flux links all of the turns in the 
lower conductor, and in addition d Aiv/Axv of the turns 
in the upper conductor. Thus, 

Liv - ^ yY \ ^ ~A^ ) ^ henrys (7f) 

to be obtained graphically. 

Considering the flux to go straight across, 

X^C 

_ 1 C TC I / ^ \ 

Ln, = — J -^(1 + — ) (telO-» 

*=0 

7 T V® c 

= —10-® henrys (8f) 

In Region V the flux links all N turns 

r ^ , 

Lv = —j~ d 0v 10“® henrys (9f) 

graphically, or for the assumption of flux lines straight 
across the slot. 


to obtain an expression for the error involved in this 
assumption. 

Messrs. Stevenson and Park included in an appendix 
to their paper a discussion on the calculation of induc¬ 
tance from a knowledge of the vector potential. The 
method there used of attacking the problem is so 
fundamentally clear that it will be followed in this 
analysis. The total inductance of the slot up to the 
bottom of the wedge will be determined. It will be 
found to consist of the inductance determined on the 
usual assumptions, and an additional term which is due 
to the curvature of the flux lines. By neglecting the 
unimportant components of this additional term it 
reduces to the simple correction term given in the body 
of the paper. 

Let (p be the total flux from the bottom of the 
lower conductor up to the bottom of the wedge. Then 
outside of any line R the flux will be, 

0 -|- Ro — R 

where Ro is the value of the vector potential at the 
bottom of the lower conductor. The linkages at the 
line R, considering the lower and upper conductor to 
have the same turns, are 


^ 4tV2/ 

Lv = - -10“® henrys (lOf) 

Summing up, for graphical determination of the 
inductance, 

L — Ln Ziiti Li\r -|- Znf 

•V r d All d pill 

~ I 2i[, 2 At, “ + ~ 2 ~ 

I / ^ d Aiv \ "I 

+ Y \ ^ Atv ) dpiv dpv 110“® henrys (Ilf) 


+ R) = (4, + R,-R)^f^ 

where A is the total area of the copper in the slot and 
d A = dxdy is the area of copper inside of the line R. 
The inductance is then, 

L = J* (<^ + Ro - R) (Ig) 

S 

where the integral / is to extend over both of the 


By the assumption that all the flux lines go straight 3>reas. 

across. Since I — A i. 


^ 4 7rVV8c-i-12/-{-3e\ 

10® V 12^;; ) (i2f) 

This equation is identical, except for nomenclature, 
with that obtained by Mr. P. L. Alger.® 

Appendix G 

Determination op Inductance prom the Vector 

Potential R 

In Appendix P the inductance of the slot of Fig 13 
was calculated in two ways, one on the assumption 
that the flux Im^ go straight across the slot and the 
other by integrating the flux linkages according to the 
flux plot, by means of a planimeter. The difference 
m the mductances as determined by the two different 
methods is not large in the case under consideration. 
Since, however, usual design formulas for determining 
slot inductance are based upon the assumption that 
the flux lines go straight across the slot, it is of interest 


L = 


N C 

2 j2 I (4* Ro ~ R) i d A (2g) 


<^ + Ro is independent of the element d A and 




d A = 2 / so, 


or. 


N 

2P 


j {<l> + Ro)idA 

s 


—Y~ (4> + Ro) (3g) 


L = 



(p + Ro) — 


N 

2P 


^ Rid A 

S 


(4g) 


Bo + f can be obtained by substituting in the vector 
potential equation for Region V the values ot x = c 
+ d + e +/andy = 0. 
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Rv - Eo Eo' X -t- 2 . 

2 IT aic 


^ Rq = — 


4c + 2e + 4f 


+ 2 


The first term of the above inductance for a two turn 
coil IS, 

N 


develo^d assuming the flux lines go straight across the 
slot, S must then be the correction term due to 
their curvature. 

By substituting in the constants and 

and neglecting all terms which are insignificant in slots 
encountered in actual practise the correction term 
becomes 


+ 4c + 2e + 4/ (6g) = 2 ^ ) sin^ ^ ( 12 ^) 


The negative sign need cause no alarm as it simply 
indicates the direction of the induced voltage. 

The second term of the inductance formula C4jr) 
requires the surface integral of R over the two current 
carrying regions. 

For Region II, considering a two turn coil 

y =«/2 X sMd 


J y X 

RuidA --- J J 


Ba + Bo' X 


y “ —0/2 X =d —c 
\nkx 


+ BJ €-«** + ) cos % A; 2 / 


dx dy (7g) 


2 'ir c 
" Bl 


4 IT a. c 


For Region IV, 
- -L J i 


¥ 


(Sg) 


dA 


P 


y“o/2 »-c+rf+« 

/ J 

y - -0/2 * 


+2 


Do -[• Do' X + Do" X 
4 T a„ 


27r / 7 


dx dy 

(9g) 


( jc+2e)- 2-^sina7i7r/l! | 


Dn 

¥ 


g«A(c+d+#) _g»A(d+«)J _ D^ 1^ ^-nk(c+d+e) _g-#Afrf+e)J 

Ciog) 


I ..V 1 M O 




Representing the two summations by ^ for com¬ 
pactness 


L = - 


- 2 (»*) 

^ / 

Excluding S the inductance is the same as that 


8c-j-36 + 12/ 
12 


which is to be added for 2 in Equation (llg). 

Nomenclature 

a, 6, c, d, e, f, and I 

= slot and conductor dimensions, see Fig. 12. 
Att) An f Bnt Bn' .... etc. 

= constants of the Fourier series of the regional 
equations. 

H = magnetic field intensity. 

^ = conductor current density in abamperes per 

square centimeter. 

i' = total conductor current in abamperes. 

I = current density in general. In Appendix E, 
used as current per turn. 
k =2 t/L 

I = a + 2 6, also used as w, the slot width. 

B = inductance in abhenrys. 

L' = inductance correction factor. 

n = an integer, 1,2,3, .... etc. 

R = vector potential of the magnetic field. 

Rn = function of integration dependent upon x 
alone, and coefficients of the Fourier series 
for R, In Appendix A, is used to 
designate lines of force. 

V = vector potential of a field orthogonal to that 

of R. 

w = slot width in Appendixes B and F. 

X = distance measured upward from bottom of 
lower conductor. 
x,y ■ - general coordinates. 

X = a;-component of H. 

Y = ^/-component of H. 

(Xn = coefficient of the wth term of the Fourier series 

for the m. m. f. distribution. 

I^n, 7 » = coefficients of the solutions for Rn. 

<i> - flux in total lines. 

= permeability, « for iron, unity for air, insu¬ 
lation, and copper. 

References 

1. Stevenson, A. R., Jr., “Fundamental Theory of Flux 
Plotting,” Q&n. Elec. Rev., November, 1926, pp. 797-804. 

2. Stevenson, A. R., Jr., and Park, R. BE., Gruphiccil Deter- 
minoMon of Magnetic Fields, A. I. E. B. Trans., 1927, Vol 46 
pp. 112-135. 

3. Alger, P. L., The Calculation of the A-rmalure Reactance of 
Synchronous Machines, A. 1. E. E. Quarterly Trans., Vol. 47 
April, 1928, pp. 493-513. 

4. Calvert, J. F., and Harrison, A. M., “Graphical Flux 
Mapping,” Electric Jl, April, 1928. 

5. Roth, E., Rev. OSn. de VElec., Sept. 17,1927. 




1260 


EOBERTSON AND TERRY 


Transactions A. 1. E. E. 


Discussion 


Region III— 


K. A. Reeve: Although the authors of the paper Analytical 
Determination of Magnetic Fields are concerned mostly with the 
practical case of two conductors in a slot, one above the other, 
as is typical of synchronous-machine design, I should like to 
point out that the method of approach which they use in solving 
the problem can be applied to the general case of slot design 
for d-c. machines in which there may be four, six, eight or more 
coil sides in a slot, each coil side being considered a conductor. 

As an illustration of this application, consider the simple case 
of four conductors placed two horizontally and vertically in a 
slot. Let the conductors in the bottom row carry equal currents, 
and those in the top row also carry equal currents, but not of 
the same magnitude or direction of the current as in the lower 
row. This case may be solved by considering the Fourier 
series, as done in the paper, and then applying the correction 
factor, as given by Maxwell in Volume I, paragraph 693, of his 
“Electricity and Magnetism,” to care for the space between the 
conductors. It may also be solved by changing the Fourier 
series for the current density, such that the curve will have two 
rectangular loops. The substitution of this series in Poisson’s 
equation is all that is then required. 

It is also possible by this method to solve the case in which 
the currents in aU conductors are not the same, and the case in 
which conductors are staggered vertically but not horizontally. 
Although the last condition is not realized in practise, it never¬ 
theless shows the generality of the authors’ treatment. 

A. D. Moore: This contribution breaks down one more of the 
barriers to the understanding of typical field cases. Many of 
the banriers are insurmountable. Every time a new set of 
problems in magnetic fields is solved, our ability to handle 
unsolved problems is improved. Knowledge of the general 
character of a field, and of its main tendencies, is far better than 
an uninformed guess. Hence, although the practical slot vio¬ 
lates to some degree every assumption underlying solutions 
reached in the paper, yet these solutions will usually apply with 
satisfsdng accuracy. And when one must estimate (estimate 
being here a refined synonym for guess) fields which nobody 
ever will be able to solve, the accuracy of the estimate is likely 
to bear a close relation to one’s knowledge of correct solutions 
of ideal cases. 

If the paper does no more than to cause college textbooks of 
the future to differ from those of the past by presenting generally 
correct rather than generally ridiculous representations for slot 
fields, the labor spent in preparing it will have been amply 
justified. 

J.J. Smith: (communicated after adjournment) The authors 
have obtained very interesting solutions for the flux distribution 
about rectangular conductors in rectangular slots. It is evident 
that considerable skill and ingenuity were required in the deter¬ 
mination of the various constants of integration given for 
instance in Equation (13). 

It may be of interest to point out that a more symmetrical 
form of solution may be written down from which the various 
results may be obtained by simple integrations. This can be 
obtained by letting the thickness of the conductor in a radial 
direction in the slot approach zero (i. e., c^O). We have then 
only two regions (I) and (III) to deal with. The expressions 
for vector potential become (expanding in a series and 
neglecting c® and higher powers of c) 

Region I— 


R - Lt2Tr aoc(d — x) 
c-^o 
»=00 


c>0 W* 


n 


—nkd (^f,nkc _ 1 ) ^ f,nkd _ g —nkc^ J g nkx y 


^ Lt2ir aoC {d x) 


_|_ L t ^ ^ e ””^1 -|- e | cos nky 

c-^o n k L 


( 2 ) 


« =1 


It will be noted in this form that (except for n <= o) the various 
terms in region III are obtained from the terms in region I 
by interchanging x and d. The solution can be made com¬ 
pletely symmetrical by adding Ltir aoc(x — d) to the expres- 

0^0 

sion for each region—this is legitimate since the authors’ solution 
is based upon an arbitrary assumption that Ao — o. We then 
obtain for region I 

R = L t TT ao c (x — d) 
c-^o 

n=o3 


■f L t ^ g -nkd r ^nkx g —7ikx ”1 y 

^ C-^O nk L -I 


(3) 


and if we write 

ao = ao* i and an = an* i (4) 

and also write Ltica = 7 where I is the total current in the 

C->-0 

conductor, then for region I 

«=iCO 

T ao* I (x — d) 


R = 


a 


+ 


^ ^ e -nkd eog 

n k a 


n “1 


( 5 ) 

and the expression for region III is obtained by interchanging 
X and d. 

I have checked this solution with the result obtained for a 
more general problem which is as follows: The vector potential 
• due to a filament of current I placed at the point ( 0 : 1 , 7 / 1 ) in an 
infinitely deep slot the equations of whoso sides are given by 
X = 0 , y = 0 and y - lis 

T 4 T V'^ V pTt' Vl 

V = Lt I cos-;-cos- An 

I I ^ 

P aaOa 

,07 pTT y p'y y I , 

+ 27 cos —:— cos ~—^ 


I 


where 


Ap 


p=i 


. inrxi 

4 , p IT X - 

-cosh- e I 

p I 

4 , pTTXx - 

— cosh- e i 

P I 


(x < Xi) 
(x > Xi) 


( 6 ) 


««00 

7} sOO 


My interest in this solution for a current filament lies chiefly 
in the fact that it may be derived by means of an extension of 
the Heaviside Operational Calculus which makes the derivation 
of such results almost an automatic procedure. I hope to 
illustrate how such results can be obtained in an Institute paper 
sometime in the near future. 

If the total current in the infinitely b hin strip of width a is 7, 
the current in the element dyi is I d yxfa. Hence changing 
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the origin from y = o to y — 1/2 (to conform with Messrs. 
Robertson and Terry’s notation) and integrating from — a 12 
to + o/2 we get for the vector potential 


+^2 ^ 


#=1 




= —Lt 
a p^o 


p TT 

I 




+ 


^7^1 2JL Li V2^2/J 

I 

-["r(4-T)]] 


= L t 

P^O 


2!/4.cos[^(l,+±)J 


pTT . pTT a 

COS —— Sin —-- 

2 21 
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If d is now written instead of Xi this expression, except for the 
first term (n = o) is identical with the value derived for R in (5) 
from the results obtained in Messrs. Robertson and Terry’s paper. 
The term for w *= o is infinite on account of the presence of 


the factor n in the denominator of A«. This infinite term is 
due to the fact that the vector potential has been assumed 
to be zero at infinity in deriving the expression for a current 
filament. It is easy to show, however, that the difference be¬ 
tween the terms for n-p- o, for x > xi and for x < JCi is the same 
as that derived from the authors’ paper in (5). We have for 
this difference 
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and writing d for xi this is equal to the difference between the 
first terms already obtained for regions I and III in (5). 

It may be well to note here that although the results obtained 
in Messrs. Robertson and Terry’s paper can be obtained from the 
vector potential for a current filament, the reverse process is not 
possible. This is due to the fact that they have assumed sym¬ 
metry for the current about the axis y = o. 1 would suggest 
that they briefly indicate how their solution could be extended 
to a current distribution which was not s 3 nnmetrioal about that 
axis. Of course, such a problem is not as important as the 
ones considered in the paper since in practical cases we have such 
symmetry. 

We have thus obtained a check from another source on the 
authors’ work, which resulted in satisfactory agreement. In 
connection with the special cases discussed in Section V of the 
paper it may be worth while to point out that any rectangular 


strip filling the slot from side to side 


^from y = 



and extending from a: = c to a; = d, gives flux lines which go 
straight across the slot and gives no flux below the conductor. 
The various plots given by them are very interesting in actually 
showing that the error is small in the ordinary assumption that 
the flux goes across the slot in straight lines, and thus the calcu¬ 
lation of self-inductance under this assumption is sufficiently 
close for practical purposes. 

B. L. Robertson t We wish to thank Professor Moore for his 
comments on the paper. Professor Moore has been quite inter¬ 
ested in the subject of flux plotting over a considerable number 
of years, perhaps more from the graphical than the analytical 
standpoint, and this work has been of further interest to him as 
a verification of free-hand field mapping. 

The paper was prepared from the practical point of view as 
much as possible, and we are glad that Mr. Reeve has shown 
the application of the general method to additional fields. The 
d-e. machine, since its design is usually of more than two coil 
sides per slot, is the problem Mr. Reeve has in mind. As he 
says, there are different ways of obtaining the solution, but the 
simpler one is that in which the Fourier series for the current 
density is changed. The number of rectangular loops in the 
current density plot will then be equal to the number of conductor 
(coil side) widths in a slot. In general, it will be necessary .to 
obtain a new current density curve, and its accompanying Fourier 
series, for each row of conductors. Current density curves for 
each row also takes care of the cases in which the conductors 
might be staggered vertically but not horizontally. 

I. A. Terry# The authors also wish to thank Mr. J. JT. Smith 
for presenting an alternative method of solving the cases con¬ 
sidered in the paper. The completely symmetrical form of the 
equations obtained by considering conductor filaments has a 
number of advantages over the form given in the paper, not the 
least unportant of which is the fact that the derivation of the 
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results becomes almost automatic by using Operational Calculus. 

A complete treatment of this subject by means of Operational 
Calculus should prove to be of great value to persons interested 
in analytical determination of magnetic or other orthogonal 
systems. 

In regard to the extension of the solution to the ease of a cur¬ 
rent distribution not symmetrical about the y = o axis, it will 
be remembered that the method of solution used in the paper 
requires the current density curve to be expressible in the form 
of a Fourier Series. (See Pig. 3 of the paper.) So long as this 
condition is fulfilled the solution is obtained as in the paper. 

For example, if a slot contains two conductors in the same 


horizontal plane carrying unequal currents, then the current 
density curve will be similar to Pig. 3 except that every alternate 
group of two loops will be of the same height and determined by 
the current in each conductor, as can be seen from the applica¬ 
tion of the method of images. The fundamental period will 
now cover two slots (one slot and either adjacent image) instead 
of one slot alone. 

In the ease of some slots used in d-c. machines, as mentioned 
by Mr. K. A. Reeve, the current density has the form which 
Mr. Smith has considered not so important as those in the paper. 
The authors feel that these cases are equally as important but 
limited the present paper to simple cases of conductors in slots. 



Shielding Guarding Electrical Apparatus 

Used in Measurements—General Principles 

BY HARVEY L. CURTIS* 
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Synopsis.—Electrical measuring apparatus is shielded and 
guarded to protect it from the following external influences; namely, 
leakage currents, electrostatic fields, magnetic fields, and electro¬ 
magnetic waves. Apparatus is guarded against leakage currents 
which may flow over or through the solid insulators on which the 
apparatus is supported. It is shielded against leakage currents 
which flow through the fluid in which the instrument is immersed. 
By a propel' arrangement of guards and shields any apparatus can 
he completely protected against leakage currents. 

Any a,pparatus can he completely shielded from electrostatic fields 
hy placing it in a metallic case. However, there may he electro¬ 
static reactions between the apparatus and the shield, thus intro¬ 
ducing rrors in the measuring apparatus. 


Shielding apparatus from magnetic fields requires that the ap¬ 
paratus he surrounded hy a thick enclosure of magnetic material. 
The theory of this magnetic shielding has been developed and formvr- 
las for producing the most satisfactory shielding are given. 

The shielding of an apparatus from electromagnetic waves is 
largely accomplished hy means of eddy currents which these waves 
set up in the shield. The theory for the production of these eddy 
currents has been developed and the best location of shields is 
discussed. 

Some attention is given to the errors which may he introduced 
hy shielding and some methods are outlined for obviating the neces¬ 
sity of shielding. 

* ' « ♦ ♦ 


1. Introduction 

UARDS and shields are used with electrical 
measuring apparatus either to simplify its theory 
or to protect it from external influences. The 
simplification of theory has generally resulted from a 
rearrangement of the electric or magnetic field so that 
the resulting field can be more easily subjected to 
mathematical analysis. The external influences from 
which apparatus must be protected are: (1) Leakage 
currents, (2) magnetic fields, (3) electrostatic fields, (4) 
electromagnetic waves. 

It is the purpose of this paper to discuss the general 
principles underlying the guarding and shielding of 
electrical apparatus. 

The protection of apparatus from external influences 
has sometimes been caUed guarding the apparatus and 
sometimes shielding it. The following definitions seem 
to represent the best practise: A shield protects 
apparatus from those outside influences which may 
penetrate to the instrument through the medium by 
which it is surrounded. A device for the protection of 
apparatus from leakage currents which, for the most 
part, flow over the surfaces of the solid insulators used 
to support the apparatus is called a guard. The term 
“guard'^ is also applied to those devices the purpose 
of which is to rearrange the electric or magnetic field. 
For example, the earthed plates which are sometimes 
put under the insulating supports of an electrometer 
to prevent leakage currents are called guard plates, 
while if the electrometer is surrounded by a metal 
covering to protect it from the ionization currents of 
the air, this covering is a shield. Also, if a parallel 
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plate condenser has one plate surrounded by a ring to 
diminish edge effects, this ring is a guard ring. How¬ 
ever, if the back of the guarded plate is surrounded by 
a housing to prevent any electrostatic lines from reach¬ 
ing the back of the plate, this housing is a shield. 
While these usages of the terms “shield" and “guard" 
might, to advantage, be modified, they will be adhered 
to throughout the paper. 

Guards and shields have been largely developed in 
connection with apparatus for measuring some electric 
phenomenon. The present paper will consider this use 
only. However, the general principles that apply to 
the guarding and shielding of measuring apparatus can 
often be applied to such different problems as reducing 
the danger to life in high-voltage systems and protec¬ 
tion from lightning. 

II. Guarding and Shielding Apparatus Against 
Leakage Currents 

Guarding apparatus against leakage currents is neces¬ 
sary whenever the solids used in the insulation of the 
apparatus have so low a volume resistance or surface 
resistance as to allow a leakage current to flow which 
will influence the measuring apparatus. Shielding ap¬ 
paratus against leakage currents is necessary whenever 
the fluid (air, oil, etc.) in which the apparatus is im-' 
mersed permits a measurable current to flow. In ordi¬ 
nary measurements, guarding against leakage is re¬ 
quired more often than shielding. 

The leakage currents against which apparatus must 
be guarded may flow through the material of which the 
solid insulators are made or through a film of mois¬ 
ture or dirt on the surface of the insulators. With 
some insulating materials (amber, ceresin, hard-rubber, 
paraffin, silica-glass, sulphur, etc.), the leakage current 
through the materisd of the insulator is negligibly small 
in well designed apparatus. Surface leakage, on the 
other hand, is often troublespme, especially since it 
may be quite variable. The method of guarding, how- 
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ever, is the same for both volume and surface leakage. 

To guard an apparatus as completely as possible 
every insulator is made in two parts. One part of 
each insulator supports a piece of metal (the guard) 
on which is mounted the second part that in turn sup¬ 
ports the measuring apparatus. An auxiliary electric 
circuit, similar to the one in the measuring apparatus, 
is then set up and so connected to the guards that the 
potential of each guard is substantially the same as 
that of the conductor in the measuring apparatus which 
it supports. Hence there is no tendency for a leakage 
current to flow through or over the second part of the 
insulator which is between the measuring apparatus and 
the guard. 

In practise no apparatus can be completely guarded. 
There is very sure to be some potential difference be¬ 
tween the different guards and the measuring appara¬ 
tus. No amount of guarding will take the place of 
good insulation. However, in some cases where it is 



1—Diagram to show Method op using Guards in 
THE Measurement op the Insulation Resistance op a Wire 
OR Cable 

impractical to make the insulation resistance very high, 
excellent results can be obtained by guarding. One 
example is the well known Price guard wire® that is 
regularly used in measuring the insulation resistance^ 
of wires and cables. The principle of this is illustrated 
in Fig. 1.* 

Without the guards, the leakage current over the 
surface of the insulation between the wire and the water 
ma,y be even greater than the current through the insu¬ 
lation, thus making valueless any determination of the 
insulation resistance of the cable. With the guards at 
the same potential as the wire, this lealmge current does 
not reach the wire, and hence does hot produce a deflec¬ 
tion of the galvanometer. However, it is often diffi ¬ 
cult to ma intain the guard at the same potential as 

1, 2. For references see Bibliography. 

*Here the current which flows over the surface of the insulation 
is, by means of the guards, shunted around the measuring 
instrument. 


the wire. This may be caused by the measuring cur¬ 
rent producing a drop in potential across the resis¬ 
tance of the galvanometer, or by electrolytic action at 
the guard or wire. When there is a potential differ¬ 
ence between the guard and wire, this will cause a 
flow of current through the galvanometer. This will 
be negligible only if the insulation resistance between 
the wire and guard is sufficiently high. 

It is sometimes desirable to, employ a guard to pre¬ 
vent leakage currents from lighting and power circuits 
from reaching a measuring circuit. Where it is feasi¬ 
ble, this guarding can be accomplished by mounting 
the entire measuring circuit, including the source of 
e. m. f., on grounded metal plates. Where such a pro¬ 
cedure is not feasible, portions of a circuit which are 
difficult to insulate may, to advantage, be guarded. 
For example, in Fig. 1, the galvanometer may be 
guarded by mounting it on a grounded metal plate. 
Also, if the conductor which connects the galvanometer 
to the wire of the cable is supported on solid insulators, 
each of these may well be mounted on a grounded 
guard plate. However, there is little advantage in 
guarding the insulators that support the conductor 
which connects the battery to the water surrounding 
the cable. 

Shielding air-immersed apparatus against leakage 
currents is necessary only when the apparatus is sensi¬ 
tive to exceedingly small currents or when the number 
of ions is unusually large. No general statement can 
be made as to the sensitivity of apparatus that re¬ 
quires shielding. It is customary and usually neces¬ 
sary to shield the essential portions of a circuit when 
an electrometer® is employed as the measuring instru¬ 
ment. It is usually unnecessary to shield when using 
a galvanometer unless the instrument is exceedingly 
sensitive or the surrounding air highly ionized. 

III. Guarding Apparatus to Simplify Its Theory 

In some types of measurements, it is desirable to 
determine the constants of the apparatus from the 
known properties of the surrounding medium. In such 
cases a guard may be employed either to confine the 
field of the measuring apparatus to that portion of 
space where the properties are known, or to modify 
the field so that the constants of the apparatus can 
be computed from its dimensions. In many cases one 
guard may perform both of these functions. A well 
known example is a guard-ring air condenser. Here the 
guard ring is useful not only to confine the lines of 
force to the air so that the dielectric loss is negligible, 
but also to make the field between the plates uniform 
so that the capacitance can be readily computed. 

While guards are often useful, they should be used 
with care lest they introduce errors which are greater 
than those they are supposed to rectify. The possi¬ 
bility of errors is well illustrated by the guard-ring 
condenser. When it is used as a standard having zero 
power factor in a-c. measurements, the assumption is 
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tacitly made that the potential of the guard ring is at 
every imtant the same as the potential of the guarded 
plate. This requires not only that the two alternating 
potentials shall have the same magnitude and be in the 
same phase, but also that they shall have the same 
wave form. Hence, not only must the impedance of 
the guard circuit be properly adjusted, but also it 
must be protected from corona and other effects which 
would change its wave form. Again, when the guard 
ring is used to simplify the computation of the capac¬ 
itance, the edge correction is not zero unless the gap 
between the guard and plate is infinitely narrow. 
Hence, a correction^ must, for precise work, be applied 
to the computed capacitance to allow for the finite 
width of the gap. 

IV. Shielding op a Space prom Electrostatic 

Fields 

A given space can be perfectly shielded from external 
elecirostatic fields by surrounding the space with a 
continuous metallic enclosure which is maintained at a 
definite potential, usually at earth potential. Provided 
this could always be used, nothing further would have 
to be written concerning electrostatic shields. The 
shield, however, may react unfavorably on the appara¬ 
tus that is being shielded. In such cases it may be 
necessary or advisable to omit the shield entirely, or 
to use less effective methods of shielding. 

The most troublesome reaction between apparatus 
a.iid shield is caused by capacitance. The placing of a 
grounded shield close to a piece of apparatus will very 
markedly increase not only the capacitance to earth 
Hut also the capacitance between parts of the shielded 
apparatus. As an example consider a shielded resis¬ 
tance coil. . Often such a shield is used to make definite 
the capacitance between the different parts of the coil, 
p>articularly that between the terminals. However, if 
the shield is placed very close to the terminals, slight 
changes in the position of the shield (such as those 
p>roduced^ by changes in temperature) may cause 
changes in the capacitance between the terminals 
greater than the changes which would have occurred 
Had no shield been present. This difficulty can readily 
He overcome by making the shield larger. 

When it is not feasible to use metallic sheets in con¬ 
structing a shield, woven wire netting or a grating of 
^parallel wires may be found satisfactory. In such a 
case the shield should be larger than when using plates 
since the external electrostatic field may penetrate for 
short distances inside the netting or grating. The 
effectiveness will depend upon the size of the wires and 
P-pon the spacing between them. Maxwell®^ has dis- - 
cxissed the theory of the grating but the effectiveness 
a netting can only be determined by experiment. 
When any form of metallic shield is objectionable, . 
®ome shielding can be accomplished by enclosing the 
®Pace with a housing of material which has a high 
dielectric constant.® While the theory, .of this method 


of shielding is well developed, it is seldom used in 
experimental work. 

V. Shielding op a Space from Magnetic Fields 
A given space can be shielded from a constant mag¬ 
netic field only by surrounding the space by magnetic 
materials. Perfect shielding is not possible but good 
results can be obtained by the use of suitable materials 
provided they are in the most efficient shapes. 

The shielding of spaces against the earth's magnetic 
field is probably the oldest problem in magnetic shield¬ 
ing. It early became of importance in the design and 
use of needle type galvanometers. Here the shielding 
might not be important if the earth's field were per¬ 
fectly constant. However, the changes are of such long 
period that the effect of these changes can be made 
negligible only by reducing the entire field to a very 
small part of its original value. 

The early attempts at magnetic shielding consisted 
in enclosing the space in a single shell of iron.® Later 
it was shown that two or more shells could be used to 
advantage. This problem was first treated theoreti¬ 
cally by Riicker^ for two and for three spherical shells. 
Later DuBois® gave a more complete treatment for two 
spheres and for two cylinders. Wills® extended this to 
cover three spheres and three cylinders. More recently 
Esmarch^^ and Dye^'‘ have given the general expression 
for the shielding produced by any number of cylinders 
provided their successive radii form a geometric 
progression.* 

All of these derivations have assumed that the 
external field is uniform and of such a small value that 
the permeability of the shields can be considered con¬ 
stant. Also the shields are assumed to be concentric 
and the axes of the cylindrical shields are assumed to 
be perpendicular to the lines of magnetic force. The 
cylindrical shields are assumed to be sufficiently long 
so that end effects can be neglected. In practise this 
means that the length should be twice the diameter. 

The important results of the theoretical investiga¬ 
tions can be stated as follows: 

1. The shielding ratio (defined as the ratio of the 
external to the internal magnetic field) is approximately 

“"Assume there are n shields of permeability ju, the successive 
radii (starting from the smallest) are ri, n, ... . r 2 n. The odd 
subscripts give the inside radii and the even subscripts the out¬ 
side radii. The shielding ratio, g, (= He/Hi -where He is the 
external field and Hi is the field inside the shield) is given by 
the formula 

g Kn riVr 2 n® 

where = { 2)8 + [/8 - 1 ]* /t/4 } An-i - j8* Kn~i 
in which 



Since Kn depends on Kn-i and Kn-i, the values for Ki and 
are not given by .this formula. They are 

a:i « 1 + 08 - 1) m/4 
Ki - {2/8 + [/3-1Pm/ 4} 2rx-i8 
Dye\* gives, curves to. aid.in .computing the shielding ratio. 
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proportional to the permeability of the material of 
which the shields are constructed.® 

2. The thickness of the shields should not be great. 
For example, a single sp herical sh ield, the thickness of 

which is greater than V 2 ri®//^, (ri = internal radius 
of shield and /x is permeability), will be improved by 
removing a spherical lamina, and thus reducing the 
total amount of shielding material.^ 

3. For both spheres^ and cylinders® the best thick¬ 
ness and spacing is that in which the radii of the suc¬ 
cessive bounding surfaces of the shells are in geometric 
progression. From this it follows that any increase in 
the volume of the space to be shielded requires the 
same relative increase in the volume of the shields. 

The experimental verification of the best thickness of 
shells was undertaken by Nichols and Williams.^® 
They constructed three cylindrical shields of silicon 
steel in which the successive radii had approximately 
the same ratio. The shielding ratio was measured 
for various combinations of these shields and also for a 
set of five shields which were selected at random from 
available materials. The results are given in Table I. 


TABLE I 

OYLINDRIOAL SHIELDS OP NIOHOLS AND WILLIAMS 


Shields 

Weight 

kilos 

Inner 
radius cm. 

Shielding 

ratio 

He/Hi 

Set of three from cast silicon steel. 
Radii in geometric progression. 
Inner only. 

1.9 

2.56 

20 

Inner intermediate. 

7.5 


300 

All tliree..*. 

26.9 


4000 

Set of five from soft iron water 
pipes. 


2.65 


Inner only. 

1.5 


20 

Inner *+ 1 intermediate. 

3.1 


100 

Inner + 2 Intermediate. 

4.3 


250 

Inner + 3 Intermediate. 

7.2 


700 

All five. 

9.3 


2700 


While the method which Nichols and Williams used 
in determining the shielding ratio has been questioned,^® 
the results undoubtedly have some relative significance. 
The advantages gained from the use of specially pre¬ 
pared shields is relatively small. 

Within a few years some experimental work has been 
done to determine the shielding effect of spirals made 
from high permeability material. In some cases the 
shield was made by winding in a tight spiral a single 
sheet of magnetic material. In other cases, a sheet of 
magnetic material and a sheet of non-magnetic material 
(copper or paper) were placed together and wound 


into a spiral so that in the resulting shield the magnetic 
material was interleaved with non-magnetic material. 
Characteristic results are given in Table II. These 
results show the value of inter-leaving, though the 
exact thickness of the inter-leaving does not seem to be 
important. The increased shielding that can be ob¬ 
tained by the use of the high permeability alloys of 
nickel and iron is well illustrated by the values of 
HilT® for mumetal. 

The above discussion has dealt only with shielding 
from constant magnetic fields, yet the same principles 
apply to the shielding from alternating magnetic fields 
provided the shielding material is so laminated that 
the effect of eddy currents in the shields is negligibly 
small. Under this condition the magnetic field can at 
any instant be considered as a quasi-stationary state; 
i. e., it is unnecessary to consider the rate of propaga¬ 
tion of the field. However, this is not the case when 
eddy currents are present in appreciable amounts, for 
which case the discussion of magnetic shielding coin¬ 
cides with the following section on the shielding from 
magnetic waves. 

VI. Shielding a Space prom Electromagnetic 

Waves 

The problem of shielding a space from electromag¬ 
netic waves depends on the frequency of these waves. 
When the frequency is very low, the electric and mag¬ 
netic fields change so slowly that the shielding problems 
are nearly identical with those for stationary fields. 
When the frequency is very high, shielding becomes a 
problem in the optical opacity of materials. For inter¬ 
mediate frequencies, consideration must be given not 
only to the instantaneous values of the electromag¬ 
netic and electrostatic fields, but also to the rate at 
which these fields are changing. 

Since the shielding from stationary fields has already 
been considered, this discussion will be confined to 
principles which are applicable to a changing magnetic 
and electrostatic field; that is, to electric waves. The 
frequency range from 10 to 10® cycles per sec. will be 
considered. In this range, the wavelengths vary from 
3 X 10’ to 3 meters. Hence the linear dimensions of 
the region to be shielded are generally small relative to 
the wavelength. 

The shielding from electromagnetic waves is brought 
about by eddy currents which the waves produce in the 
shield. These eddy currents radiate waves into space 
surrounding the shield. Some of these waves may 


TABLE II 

SHIELDING RATIO OF DIFFERENT MATERIALS 


Reference 

Hind of magnetic material 

Thickness—cm. 

Weight kilos 

Inner 
diam. cm. 

Outer 
dlam. cm. 

Shielding 
ratio He/Hi 

Magnetic 

material 

Interleaves 

13 

15 

Tran^ormer steel 

Oast iron 

Mumetal 

0.26 

0.26 

4. 

0.15 

0.14 

0. 

0.25 

0.5 

4. 

4. 

4. 

10. 

00 GO 00 

T-l 

180 

60 

20 

10,000 
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impinge on the apparatus which is producing the waves. 
This may alter the current in the sending apparatus 
and thus affect the waves that are being sent out. 
This interaction between sending apparatus and shield 
is decreased as the distance between them is increased. 
Hence, most theoretical investigations have assumed 
that this distance is so large that the reaction on the 
sending apparatus can be neglected. Since in any 
particular case the waves emanate from a single elec¬ 
tric circuit, the electric and magnetic vectors at a given 
place have a definite direction. In the nomenclature 
of optics, the waves are polarized. The three vectors 
which determine (1) the direction of motion of the wave, 
(2) the direction of the electric field, and (3) the direc¬ 
tion of the magnetic field are mutually perpendicular. 
Hence, they may be taken as the axes of a rectangular 
coordinate system. The effect of a shield will depend 
on its orientation relative to this coordinate system. 

The shielding power of a conductor or system of 
conductors which is used to protect any given region 
from waves having a definite direction and wave front 
is usually defined as the ratio of the decrease in the 
amplitude of the wave when the shield is present to 
the original amplitude of the wave at the midpoint of 
the region.* 

Expressed in symbols S = (Ao- A«)/Ao where S is 
the shielding power, Ao the amplitude of the wave when 
no shield is present, and A, the amplitude when the 
shield is present. If shields are so arranged that in a 
given space no outside electromagnetic waves can enter, 
then throughout that space the shielding is 100 per 
cent, or perfect. 

The eddy currents which are set up in the shield 
may be produced either by the electric field of the wave 
or by the magnetic field, or by both.^^ The method by 
which waves produce eddy currents can be made clear 
by considering some particular cases. First, consider 
that observations are being made at a point due south 
of and at considerable distance from a station which is 
sending out waves from a flat top antenna. Then at 
the observation station the wave can be considered as 
a plane wave in which the electric field is vertical, and 
the magnetic field horizontal in an east and west direc¬ 
tion. If a series of vertical wires are erected in an east 
and west plane, the electrostatic field of the waves will 
produce eddy currents in the wires, which to some extent 
will shield the space to the south of the wires. If 
the wire system is turned through 90 deg. around a 
north and south axis, then no eddy currents will be 
produced in the wires by either the electrostatic or 
magnetic fields and hence no shielding. If the parallel 
wires are joined in pairs so that they form a series of 
long, narrow loops, eddy currents will be produced in 
the loops when they are so placed that the magnetic 

♦Note that this is different from the definition of shielding 
ratio. For example, a shielding power of 100 per cent indicates 
perfect shielding, while the shielding ratio must be infinity to 
iudicate perfect shielding. 


field of the wave threads through these loops. This 
requires that the perpendicular to the plane of the 
wires shall lie in the direction of the magnetic vector of 
the wave. Then the eddy currents set up in the loops 
produce a ma^etic field which is opposed to that of 
the wave. This then produces a shielding beyond the 
wires.^7 

As another example of shielding, consider the shield¬ 
ing power of a cube of metal which may or may not be 
laminated. Assume a wave like that in the preceding 
paragraph where the direction of the wave is south, 
the electrostatic vector vertical, and the magnetic vec¬ 
tor horizontal and in the east and west direction. The 
metal cube rests on a horizontal plane with its faces in 
the directions of the cardinal points. If the cube is 
solid metal, eddy currents will be produced by both the 
electric and magnetic vectors so that points just be¬ 
yond the south face of the cube will be very well 
shielded. If now the cube is laminated by means of 
planes parallel to the east and west faces, the eddy 
currents will not be affected and the shielding is the 
same as with a solid cube. Next assume that the 
laminations are produced by planes parallel to the 
north and south faces. In this case the electric vector 
would produce eddy currents as in both the previous 
cases, but the magnetic vector would not. Hence, the 
shielding would be reduced. If now the laminations 
are produced by horizontal planes, the eddy currents 
from both the electric and magnetic vectors are greatly 
reduced. Such a block would produce very little 
shielding. 

In order to compute the shielding which will be pro¬ 
duced by any arrangement of solid metallic bodies, it 
is necessary first to compute the eddy currents that 
will be produced in the metal. The formula for deter¬ 
mining the current density in a particular case is gener¬ 
ally determined by the solution of Maxwell’s differen¬ 
tial equations of an electromagnetic field. It results 
that the eddy currents in a massive conductor are 

always a function of -yj — ^ , where / is the frequency 

> a 

of the wave, fjt, the permeability of the material, and 
cr its resistivity. This shows that the most effective 
shielding materials are those having high permeability 
and low resistivity. 

Formulas for computing the eddy currents producea 
by electric waves have been derived in certain cases.*® 
However, in relatively few cases have the theoretical 
deductions been carried to a point where the shielding 
power can be computed. Some experimental work*® 
has shown that there is a qualititive agreement be¬ 
tween theory and experiment. 

VII. Limitations op Shielding 

In a previous section, the effect on any measuring 
apparatus of an electrostatic shield in which it is en¬ 
closed was discussed. In any given case, the reaction 
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between the shielded apparatus and an electrostatic 
shield can be expressed in terms of the coefficients of 
capacitance. Likewise a magnetic shield or a shield 
which protects against electromagnetic waves reacts 
with the apparatus which it is shielding. However, 
in neither of the latter cases can the amount of reaction 
be expressed by a simple formula. 

It has already been pointed out that an electrostatic 
shield may introduce errors in a measuring apparatus 
for which it is difficult to make a correction. With a 
magnetic shield, on the other hand, the effect of the 
reactions is to change the sensitivity of the apparatus. 
As the apparatus is calibl*ated with the shield in place, 
no error results from the use of the shield. However, 
the reactions are so complicated, involving eddy cur¬ 
rents, hysteresis, permeability, etc., that each separate 
type must be subjected to an experimental investigation. 

In absolute electrical measurements, where the con¬ 
stants of an apparatus are computed from the mechani¬ 
cal dimensions, shields must generally be avoided. As 
an example, the inductance of a coil can often be ac¬ 
curately computed from its dimensions. However, the 
formula for making the computation is developed on 
the assumption that the permeability of the surround¬ 
ing space is unity; that is, that there are no magnetic 
bodies in the surrounding region. Evidently a mag¬ 
netic shield would vitiate this fundamental assump¬ 
tion. Moreover, the derivation of the formula takes 
no account of the capacitance between the parts of 
the inductance. While this generally produces a negli¬ 
gible effect, yet the presence of an electrostatic shield 
will so increase the capacitance between parts that an 
appreciable effect is produced. Hence, an electrostatic 
shield must be avoided. 

VIII. Methods for Obviating the Necessity op 

Shielding 

Astatic inst^ents are often used for obviating the 
necessity of shielding. In an astatic piece of apparatus 
two similar parts are constructed. In the finished 
apparatus these parts are rigidly connected mechani¬ 
cally, but the electric and magnetic circuits are so 
airanged that an external electric or magnetic field 
will produce equal and opposite effects in the two 
parts. When the apparatus is placed in an electric 
or magnetic field which is uniform throughout the 
region which the apparatus occupies, then changes in 
the maptude of this field will not affect the indications 
of the instrument. This method has been applied to 
galvanometers and inductors. 

Sometimes shielding can be avoided by counter¬ 
acting the parasitic field by a field which can be con¬ 
trolled.^ As an example, it is often desirable to have a 
region m which the magnetic field is much less than 
the ever pr^ent magnetic field of the earth. If the 
requu*ed region is small this can be accomplished by 
smroundmg the region by a rather large coil of wire 
the axis of which lies in the direction of the earth's 
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field, and sending through the coil a cuiTent of such 
magnitude and direction that the earth’s field k neu¬ 
tralized at the center of the coil. If a larger region is 
required, a solenoid can be used, the axis of which lies 
in the direction of the earth’s field. This has the 
disadvantage that tlie region is surrounded by the 
solenoid so that apparatus placed in this region is not 
readily accessible. To obviate this difficulty, Helm¬ 
holtz coils can be used. They are a pair of circular 
coils having identical dimensions and mounted coaxi¬ 
ally. The distance between the planes of the coils is 
equal to the radius of one of them. When the same 
current flows through both of these coils so that the 
magnetic field of both of the coils is in the same direo 
tion, then there is a rather large region between the 
coils where the magnetic field is very nearly uniform. 
Hence, if the axis of the coils is in the direction of the 
earth’s field, a fairly large region between the coils 
can, by adjusting the current, be made to have approxi¬ 
mately zero field. 

The above method of neutralizing the earth’s field 
is satisfactory only when this field is very constant 
and when the cun-ent through the coils does not fluc¬ 
tuate. If the cuiTent through the coils could be made 
to vary at the same time and by the same amount as 
the earth’s field varies, then the compensation could 
be made perfect at all times. The author suggests 
the following method for accomplishing this variation 
in current. Mount a series of copper disks on an insu¬ 
lating shaft which can be driven at constant speed by 
some non-magnetic motor, such as an air turbine. By 
placing one brush near the center and another at (he 
circumference, each disk becomes a Faraday wheel 
generating an e. m. f. proportional to the component 
of the magnetic field in the direction of the axis of 
rotation. Connect these in series with each other and 
with a pair of Helmholtz coils having their axes paral¬ 
lel to the axis of the generator. By a proper adjust¬ 
ment of the size and number of the disks and of the 
resistance in the circuit, the compensation slumld be 
perfect provided that at every instant the earth's 
field is the same at the generator and at the coils. To 
compensate for two components of the earth's field, 
two generators are required and two sets of Helmholtz 
coils, the latter being mounted concentrically. For 
three components, three generators and three con¬ 
centric sets of Helmholtz coils are required. 

IX. Conclusion 

In conclusion it may be said that the general princi¬ 
ples underlying the shielding and guarding of electrical 
apparatus are well known, but that their quantita- 

means of mathematical analysis is 
often difficult or at present impossible. Hence, shields 
and guards should be used with care. Whenever pos- 
sible the shielded or guarded apparatus should be sub¬ 
jected to special experiments to show that the effect 
on the apparatus is not detrimental. 
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shielding,” because I feel that some of the practical aspects of 
the question are worthy of note. That great benefits can accrue 
from applied shielding has been clearly illustrated by the ease of 
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Discussion 

T. F. Petersons Dr. Curtis’ efforts in the direction of trying 
to define clearly the words “shielding” and “guarding,” are very 
praiseworthy. 

Ordinarily a shielding process is one of protection. This dic¬ 
tionary definition might be said to apply when an instrument, a 
conductor, or a device is protected from some extraneous or 
foreign influence. However, we in the cable industry have at¬ 
tached a somewhat modified meaning to the word. Under cer¬ 
tain conditions a cable or wire insulation is attacked by the de¬ 
teriorating infiuences which certain electrical connections give 
rise to. As an example, if the air outside of an insulated 
conductor at high potential breaks down, that is, ionizes, there 
results an ozone formation which may deteriorate the insulation. 
To offset this, the conductor is shielded, but in reality the air 
surrounding it is shielded from electrical stress. As far as the 
cable is concerned, the shielding offers protection of a secondary 
order since it is against the deleterious influences incidental to 
the ionization. 

Another very usual form of shielding has to do with the pro¬ 
tection of the entire outside world, we might say, from the 


W. B. Koirwenhoven: We are very much indebted to Dr. 
Curtis for his definitions of the terms “guard” and “shield.” 
These two terms have often been used synonymously and more 
or less loosely by various authors. 

In the last two air condensers that I have designed and built, 
I have surrounded the main electrode with a guard ring and also 
covered the back of the main plate with a shield to protect it from 
stray fields. The current that flows to the guard plate in this 
type of condenser is made up of charging current and also of leak¬ 
age current that flows through and over the surface of the insula¬ 
tion separating the guard from the high-tension plate. I have 
largely eliminated the leakage current from the guard circuit by 
making each insulator that separates the guard and high-tension 
plates in two parts and inserting small grounded pieces of metal. 
These prevent the leakage current from flowing to the guard 
plate and bring the orirrent in the guard circuit more nearly into 
phase with the current in the main circuit. This facilitates the 
balancing of the guard circuit against the main plate circuit. 

As Professor Dawes points out, the operation of a bridge is 
simplified if the guard and main circuits have practically the same 
capacity. The insulation resistance between the main and guard 
circuits should also be kept at infinity. If under these conditions 
the guard circuit is balanced against the main circuit as to magni¬ 
tude, a small unbalance in phase will affect the capacity ratio 
only and not the phase-angle determination. This may be easily 
seen from a study of the vector diagram. 

We have just completed our investigation on the phase angle 
of air condensers and I hope that the paper will be ready for the 
Winter Convention. In that work we found that the charging 
current in a properly designed air capacitor leads the voltage by’ 
angle that does not differ from 90 degrees by more 
three seconds, provided the relative humidity is not excessive. 

I. M. Stein: I want to mention the subject of shielding in 
connection with standardization. In the discussion of the papers 
I think it has not been clearly brought out that there is likely to 
be a difference in the requirements between an apparatus needed 
for standardization and that needed for investigational or routine 
work in individual laboratories. Professor Dawes, I think, men¬ 
tioned the Electrical Testing Laboratories condenser, which I 
understood him to say rendered considerable assistance becauseit 
was a standaird that could be shipped. Unfortunately, standards 
of that kind are not self-registering, and you cannot use them with¬ 
out some sort of a measuring set-up to go along with them. There 
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between the shielded, apparatus and an electrostatic 
shield can be expressed in terms of the coefficients of 
capacitance. Likewise a magnetic shield or a shield 
which protects against electromagnetic waves reacts 
with the apparatus which it is shielding. However, 
in neither of the latter cases can the amount of reaction 
be expressed by a simple formula. 

It has already been pointed out that an electrostatic 
shield may introduce errors in a measuring apparatus 
for which it is difficult to make a correction. With a 
magnetic shield, on the other hand, the effect of the 
reactions is to change the sensitivity of the apparatus. 
As the apparatus is calibrated with the shield in place, 
no error results from the use of the shield, However, 
the reactions are so complicated, involving eddy cur¬ 
rents, hysteresis, permeability, etc., that each separate 
type must be subjected to an experimental investigation. 

In absolute electrical measurements, where the con¬ 
stants of an apparatus are computed from the mechani¬ 
cal dimensions, shields must generally be avoided. As 
an example, the inductance of a coil can often be ac¬ 
curately computed from its dimensions. However, the 
formula for making the computation is developed on 
the assumption that the permeability of the surround¬ 
ing space is unity; that is, that there are no magnetic 
bodies in the surrounding region. Evidently a mag¬ 
netic shield would vitiate this fundamental assump¬ 
tion. Moreover, the derivation of the formula takes 
no account of the capacitance between the parts of 
the inductance. While this generally produces a negli¬ 
gible effect, yet the presence of an electrostatic shield 
will so increase the capacitance between parts that an 
appreciable effect is produced. Hence, an electrostatic 
shield must be avoided. 

VIII. Methods for Obviating the Necessity op 

Shielding 

Astatic instruments are often used for obviating the 
necessity of shielding. In an astatic piece of apparatus 
two similar parts are constructed. In the finished 
apparatus these parts are rigidly connected mechani¬ 
cally, but the electric and magnetic circuits are so 
airanged that an external electric or magnetic field 
will produce equal and opposite effects in the two 
parts. When the apparatus is placed in an electric 
or magnetic field which is uniform throughout the 
region which the apparatus occupies, then changes in 
the magnitude of this field will not affect the indications 
of the instrument. This method has been applied to 
galvanometers and inductors. 

Sometimes shielding can be avoided by counter¬ 
acting the parasitic field by a field which can be con¬ 
trolled. As an example, it is often desirable to have a 
region in which the magnetic field is much less than 
the ever present magnetic field of the earth. If the 
required region is small this can be accomplished by 
surrounding the region by a rather large coil of wire, 
the axis of which lies in the direction of the earth’s 


field, and sending through the coil a current of such 
magnitude and direction that the earth’s field is neu¬ 
tralized at the center of the coil. If a larger region is 
required, a solenoid can be used, the axis of which lies 
in the direction of the earth’s field. This has the 
disadvantage that the region is surrounded by the 
solenoid so that apparatus placed in this region is not 
readily accessible. To obviate this difficulty, Helm¬ 
holtz coils can be used. They are a pair of circular 
coils having identical dimensions and mounted coaxi¬ 
ally. The distance between the planes of the coils is 
equal to the radius of one of them. When the same 
current flows through both of these coils so that the 
magnetic field of both of the coils is in the same direc¬ 
tion, then there is a rather large region between the 
coils where the magnetic field is very nearly uniform. 
Hence, if the axis of the coils is in the direction of the 
earth’s field, a fairly large region between the coils 
can, by adjusting the current, be made to have approxi¬ 
mately zero field. 

The above method of neutralizing the earth’s field 
is satisfactory only when this field is very constant 
and when the current through the coils does not fluc¬ 
tuate. If the current through the coils could be made 
to vary at the same time and by the same amount as 
the earth’s field varies, then the compensation could 
be made perfect at all times. The author suggests 
the following method for accomplishing this variation 
in current. Mount a series of copper disks on an insu¬ 
lating shaft which can be driven at constant speed by 
some non-magnetic motor, such as an air turbine. By 
placing one brush near the center and another at the 
circumference, each disk becomes a Faraday wheel 
generating an e. m. f. proportional to the component 
of the magnetic field in the direction of the axis of 
rotation. Connect these in series with each other and 
with a pair of Helmholtz coils having their axes paral¬ 
lel to the axis of the generator. By a proper adjust¬ 
ment of the size and number of the disks and of the 
resistance in the circuit, the compensation should be 
perfect provided that at every instant the earth’s 
field is the same at the generator and at the coils. To 
compensate for two components of the earth’s field, 
two generators are required and two sets of Helmholtz 
coils, the latter being mounted concentrically. For 
three components, three generators and three con¬ 
centric sets of Helmholtz coils are required. 

IX. Conclusion 

In conclusion it may be said that the general princi¬ 
ples underlying the shielding and guarding of electrical 
apparatus are well known, but that their quantita¬ 
tive application by means of mathematical analysis is 
often difficult or at present impossible. Hence, shields 
and guards should be used with care. Whenever pos¬ 
sible the shielded or guarded apparatus should be sub¬ 
jected to special experiments to show that the effect 
on the apparatus is not detrimental. 
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Discussion 

T. F. Peterson: Dr. Curtis’ efforts in the direction of trying 
to define clearly the words “shielding’’ and “guarding,” are very 
praiseworthy. 

Ordinarily a shielding process is one of protection. This dic¬ 
tionary definition might be said to apply when an instrument, a 
conductor, or a device is protected from some extraneous or 
foreign influence. However, we in the cable industry have at¬ 
tached a somewhat modified meaning to the word. Under cer¬ 
tain conditions a cable or wire insulation is attacked by the de¬ 
teriorating influences which certain electrical connections give 
rise to. As an example, if the air outside of an insulated 
conductor at high potential breaks down, that is, ionizes, there 
results an ozone formation which may deteriorate the insulation. 
To offset this, the conductor is shielded, but in reality the air 
surrounding it is shielded from electrical stress. As far as the 
cable is concerned, the shielding offers protection of a secondary 
order since it is against the deleterious influences incidental to 
the ionization. 

Another very usual form of shielding has to do with the pro¬ 
tection of the entire outside world, we might say, from the 


influence of the thing which we usually say is shielded. A subject 
which came to my attention very recently is that of shielding 
ignition cable in airplanes so that there would be no radio inter¬ 
ference. In this instance we are trying to confine the “culprit,” 
in other words, to protect everything from the action of the 
conductor. 

Still another ease of shielding is that in which fields are 
adjusted to “guard” parts of circuits. This has been dealt with 
quite fully in the paper. 

I am citing the various shades of meaning attached to the word 
shielding,” because I feel that some of the practical aspects of 
the question are worthy of note. That great benefits can accrue 
from applied shielding has been clearly illustrated by the ease of 
Type H Cable. Undoubtedly similar benefits may be obtained 
in other fields. 

one problem to which I would direct attention is that of 
ignition wire. Shielding applied to such cables may be used in 
three senses. First, it may protect against influences inwards, 
that is, against the interaction between conductors. Second, it 
may protect against the harmful effects of ozone which is gene¬ 
rated incidental to normal operation. Third, it may serve as pro¬ 
tection of outside equipment such as radio, etc., from the electro¬ 
magnetic radiation from the circuit. The advantages to be 
gained by shielding ignition wire would seem to be of sufidoient 
hnportance to warrant careful attention. 

W. B. Koirwenhoven: We are very much indebted to Dr. 
Curtis for his definitions of the terms “guard” and “shield.” 
These two terms have often been used synonymously and more 
or less loosely by various authors. 

In the last two air condensers that I have designed and built, 

I have surrounded the main electrode with a guard ring and also 
covered the back of the main plate with a shield to’protect it from 
stray fields. The current that flows to the guard plate in this 
type of condenser is made up of charging current and also of leak¬ 
age current that flows through and over the surface of the insula¬ 
tion separating the guard from the high-tension plate. I have 
largely eliminated the leakage current from the guard circuit by 
maldng each insulator that separates the guard and high-tension 
plates in two parts and inserting small grounded pieces of metal. 
These prevent the leakage current from flowing to the guard 
plate and bring the current in the guard circuit more nearly into 
phase with the current in the main circuit. This facilitates the 
balancing of the guard circuit against the main plate circuit. 

As Professor Dawes points out, the operation of a bridge is 
simplified if the guard and main circuits have practically the same 
capacity. The insulation resistance between the main and guard 
circuits should also be kept at infinity. If under these conditions 
the guard circuit is balanced against the main circuit as to magni¬ 
tude, a small unbalance in phase will affect the capacity ratio 
only and not the phase-angle determination. This may be easily 
seen from a study of the vector diagram. 

We have just completed our investigation on the phase angle 
of air condensers and I hope that the paper will be ready for the 
Winter Convention. In that work we found that the charging 
current in a properly designed air capacitor leads the voltage by" 
angle that does not differ from 90 degrees by more tha.n 
three seconds, provided the relative humidity is not excessive, 

I. M. Stein: I want to mention the subject of shielding in 
connection with standardization. In the discussion of tha papers 
I think it has not been clearly broTight out that there is likely to 
be a difference in the requirements between an apparatus needed 
for standardization and that needed for investigational or routine 
work in individual laboratories. Professor Dawes, I think, men¬ 
tioned the Electrical Testing Laboratories condenser, which I 
understood him to say rendered considerable assistance because it 
was a standard that could be shipped. Unfortunately, standards 
of that kind are not self-registering, and you cannot use them with¬ 
out some sort of a measuring set-up to go along with them. There 
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would seem to be need for a standard which is comprehensive, one 
that includes a condenser and that which is necessary to measure 
the condenser. 

Such apparatus it seems to me must be shielded, or guarded, or 
both, if such a thing is possible,—and I think it is possible. If 
you don’t shield or guard you depend upon a high degree of skill 
in the user, and probably upon a great deal of available space in 
which you set up the apparatus, and a great deal of time to make 
the measurements. If you have a completely shielded and 
guarded set-up you can probably make out with considerably less 
technique, less space, and less time. Where dielectric-loss 
measurements are being used in purchase specidcations, it would 
seem necessary to have definite standards, transfer standards, 
if you choose, that can be sent to a central bureau such as the 
Bureau of Standards, for certification and shipped back to the 
laboratories where they are to be used as secondary standards. 
Then in individual laboratories the user can make his own choice 
as to whether he is going to use a shielded equipment or a non- 
shielded equipment for his routine work, or special investigation. 
It seems essential to have a shielded and guarded equipment for 
such transfer between laboratories. This subject involves the 
Bureau of Standards, and I should like to ask Dr. Curtis in clos¬ 
ing Ms remarks to say a word as to whether for a t.audaT'Hiy.ing 
work and transferring between laboratories, he does not feel that 
the measuring apparatus must be sMelded and guarded. 

C. L. Dawess It is very gratifying to learn that through 
Dr. Kouwenhoven’s investigations the Mgh-voltage air condenser 
is to be placed on a definite quantitative basis. Many of us have 
been somewhat apprehensive at times due to the unknown effects 
of humidity and the losses wMch it may cause. In order to make 
certain that losses in our air condenser did not occur in humid 
weather when our laboratory was not heated, we have applied 
heat from resistor units placed near the condenser. We are 
looking forward with interest to the publication of Dr. Kou- 
wenhoven’s investigations. 

I am in accord with Mr. Stein that we should have more and 
better dielectric standards. I recall that in the late eighties it 
was necessary to calibrate d-c. ammeters by weighing the electro¬ 


lytic deposition of copper. It required nearly an horn* to cali¬ 
brate each point. At the moment it seems that we are just a 
little beyond this stage in the matter of dielectric standards. 
In time, however, these standards will undoubtedly reach the 
status of our present electric-circuit standards. 

H. L. Curtis: The question of definition which Mr. Peterson 
has brought up, is one of the most trying and difficult things we 
have to deal with. We all have to speak the same language and 
therefore we ought to have definite ideas when we use various 
terms. However, language is a matter of growth and tMngs come 
to have definite meanings because we use them in different ways. 
It is worth while occasionally to stop and see whether we all are 
speaking the same language, and it was with that in view that I 
tried to bring out these definitions. 

The question of using sMelded and guarded apparatus that 
Mr. Stein has brought up, when transferring standard apparatus 
from laboratory to laboratory is, without doubt, very important. 
We have been trying to get the Leeds & Northrup Company for 
some years to mark their condensers as to whether they were 
sMelded, and if so the shielded side, so they would be perfectly 
definite in handling and dealing with them from laboratory to 
laboratory. That is not always done now. 

The interest of the people at tMs convention apparently has 
been very much toward Mgh-voltage measurements where con¬ 
ditions are difficult and arrangements are very special. Many 
circuits that have been developed apply particularly to conditions 
that are developed there. 

I wish, however, to call attention to the fact that there are cases 
where shielding and grounding positively caimot be used. One 
particular case I have to deal with is the question of a coil tlie 
inductance of wMch can be computed from its dimensions. Wo 
base our fundamental electrical units in certain eases on such 
apparatus, and one requirement for the computing of the induc¬ 
tance is that there shall be no conductor close to the coil. 

I have perhaps throughout my paper emphasized? rather the 
difficulties in connection with sMelding because of the fact that so 
often these are overlooked and people use shields and giuirds with 
the feeling that no difficulties exist. 
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Synopsis. The measurement of dielectric loss in high-voltage 
cables presents many problems that are not obvious until such mea¬ 
surements have actually been attempted and the results checked and 
analyzed. Some of these problems are not simple^ and their solution 
is obtained only after considerable effort and research. This paper 
presents some of the problems that the authors have encountered in 
this type of work, together with the methods used f or their solution. 

The bridge method^ which is used for the measurement of dielectric 
loss, is described in some detail. Details of the auxiliary equipm,ent, 
such as galvanometer, amplifiers, air condenser, shielding, and special 
methods of bringing the shielding to the proper potential are also 
given. 

If accurate results are to be had in dielectric loss measurements, 
the entire bridge, including cable, air condenser, and leads, must be 
properly shielded and the capacitance between leads and shielding 
should be made small. Errors of large magnitude may be introduced 
in the results if these precautions are not taken. It is entirely 
insufficient to shield the bridge and ground the shielding directly. 
At times shielding cables may increase the measured losses. 

In measuring the capacitance of the air condenser, all stray 
capacitance to its guard rings and to surroundings must be eliminated. 
The paper gives a method of accomplishing this. 

The voltage across the voltmeter coil of a high-voltage transformer 


is frequently taken as a measure of the voltage across its secondary. 
In some methods of measurement this voltmeter-coil circuit is an 
integral part of the measuring circuits; consequently, it is desircihle 
to be able to determine accurately the ratio of this voltmeter-coil 
voltage to the total voltage, and the phase difference existing between 
these two voltages. Methods of making such measurements are 
described and considerable quantitative data are given for typical 
testing transformers under various conditions of load. 

Methods of determining the accuracy of the bridge are described, 
and observed results given. With one type of measurement, the 
ratio and the current accuracy may be checked simultaneously. 

The accuracy of the. bridge as a power-measuring device may be 
determined by inserting known resistances into its arms and com¬ 
paring computed results with observed results. Due to unsuspected 
leakage and stray-capacitance currents, however, the introduction 
of such resistances may eaxese large errors. Methods for mini¬ 
mizing such currents, as well as analyses of proper and improper 
methods of making such measurements, are given. Some of the 
effects of harmonics are described briefly. In this type of measure¬ 
ment they probably do not introduce error, but at times they are 
troublesome in that they produce anomalous effects in the measuring 
apparatus. 

* )|( i|e ife 9|c 


Introduction 

URING the past few years the authors have 
devoted considerable time to the development of 
methods for measuring dielectric losses at high 
voltages. Particularly during the past four years, 
numerous problems have been encountered during the 
progress of the research in ionization in impregnated 
paper-insulated cables being carried on at Harvard 
University under the auspices of the Joint Committee 
on Paper-Insulated Cables of the N. E. L. A., A. I. E. E., 
and A. E. I. Co. The authors believe that as a result 
of this type of research, which has been stimulated by 
cable users and manufacturers, engineers have ad¬ 
vanced, by many years, the science of measuring very 
small power at extremely high voltage and very low 
power factor,—^a most difficult combination. However, 
since factors which ordinarily need not even be con¬ 
sidered may introduce large errors, one must always be 
on guard in making such measurements. 

Many of these factors are well known to those who 
have made a study of the problem. On the other hand, 
in discussing some of these problems with cable engi- 
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neers, the authors have been requested to present them 
in the form of a paper, in order that others might 
perhaps be forewarned of the many pitfalls into which 
some have already stumbled. Moreover, it is hoped 
that the discussion may bring out experiences of others, 
from which all may derive benefit. 

There is probably no type of measurement in which 
one may be more easily deceived than these dielectric- 
loss measurements. The losses vary with temperature, 
with the time of electrification, the cycle of electrifica¬ 
tion, and with the handling of the specimen. Hence, 
accurate checks of measurements on cable samples 
among diff^ent laboratories cannot be expected, and 
it is thus difficult to prove that a measurement is in 
error. Under the circumstances, it is remarkable that 
results check as closely as in many instances they were 
found to do. Curves obtained with certain measuring 
apparatus may appear perfectly rational, and yet 
because of phase-angle defect or wrong transformation 
ratio, both of which may be constant in magnitude, 
the curves are actually in error. It is most difficult to 
check a given apparatus by the introduction of known 
losses in the circuits, as will be shown later. The 
calibrated Leyden jars, which are now available at the 
Electrical Testing Laboratories, have in large measure 
overcome some of these difficulties. 

The Bridge Method 

The authors use the mutual inductance bridge, which 
has already been described by them.^ The complete 
bridge with its shielding and guard connections, as now 
used, is shown in Fig. 1. 

1 . For references see Bibliograpliy. 
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The simplified bridge circuit is shown in Fig. 2 ; one 
arm of the bridge proper consists of the air condenser 
Cl and the series resistance Ru the other consists of the 
cable (or other dielectric) C 2 in series with the primary 
of a mutual inductance M and the series resistance R^. 
The secondary of the mutual inductance is connected 
from the point 6 at one terminal of i 22 to one terminal 
of the detector D; the other terminal of D is connected 
to point a at one terminal of Ri. Wh«i the bridge is in 
balance, the angle of defect of the cable, ^ = tan~^ 

Mo) 

where M is the mutual inductance in henrys and 

ca = 2 7rf where / is the frequency in cycles per second. 
This assumes that the air condenser has no losses. 



Pig. 1—CoMPLiiTB Connections of Bbidge Circuit 


With low values of power factor, 

cos d - smrf/ — - 5 — ( 1 ) 

where 6 is the power-factor angle and is the angle of 
defect of the dielectric. The capacitance C 2 , for low 
values of power factor, is given by 

Ri 


The power = 


C2 M 

Ri 


E^ Cl Ri 03^ M 

Ri^ 


(3) 


In checking the bridge by various methods, several 
errors which were not at first understood appeared and 
some were nm to earth only after long and painstaking 
investigations, a number of which will be considered 
later. 


The Detector 

Without a sensitive detector, the bridge loses most of 
its advantages as a precision instrument. For power 
frequencies from 20 to 125 cycles per second which we 
use for cable investigations, we have found the tuned 
iron-vane vibration galvanometer the most satisfactory 
type of detector. Electromagnetic excitation is em¬ 
ployed and the tuning is accomplished by varying the 
exciting current. An advantage of this type of de¬ 


tector is the fact that the detecting coil may be wound 
for a wide range of impedance. Hence, the impedance 
may be made to correspond to the character of the 
circuit with which it is associated. Since bridges for 
measuring dielectric losses must necessarily have high- 
impedance arms, the coil of our galvanometer is wound 
with No. 40 silk-covered wire. Its impedance is 2200 
+ j 280 ohms at 60 cycles. 



Pig. 2—SimpijIfied Connections of Bridge Circuit 

Another advantage of this type of detector is the fact 
that the deflection is readily maintained on the scale, 
even with considerable unbalance, by merely detuning 
slightly. As the condition of balance is approached, 
closer tuning is easily obtained. 

The degree of sensitivity is tremendously increased by 
the use of an amplifler in conjunction with the detector. 
One of the authors has already published a description 
of the amplifier which they have developed.^ There 
are many refinements in connection with its use, how¬ 
ever, which might be useful to thoseintendingto employ 
such an amplifier. Lead storage cells are used for the 
A, B, and C batteries. The gassing which persists for 
some time following charging of the batteries is very 
troublesome. It causes vigorous and disturbing “kicks” 
of the vibration galvanometer. To avoid the delay of 
waiting for the gassing to cease, two sets of batteries 



Pig. 3—Shuntbd-Guard Circuit Balance 

are used with suitable switches for throwing on charge, 
or in service. Hence, it is always possible to have in 
service batteries which have attained a steady condition. 

The galvanometer, amplifier, batteries, and resis¬ 
tances are within a wire enclosure (Figs, land?) to shield 
the apparatus from electrostatic induction. Since the 
screening is maintained at the galvanometer potential, 
the effects of capacitance to ground are minimized. 
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This screening does not shield electromagnetic dis¬ 
turbances. For example, stray magnetic fields pro¬ 
duced by conductors carrying alternating current, by 
rotating field structures of alternators, and by spark 
discharges react readily on the vacuum tubes of the 
amplifier, causing trouble. An iron enclosure over the 
amplifier may shield against such disturbances. It is 
more desirable, however, to remove the source of the 
stray field. 



Fia. 4 — ^Effects of Shielding 10-ft. Length Single Con- 
DVOToa Cable at 60 Cyclbs and 20 Dbg. Cent 


densers are virtually a short-circuit for the high fre¬ 
quencies, and do not cut down the sensitivity at power 
frequencies to any harmful extent. 

Shielding the Air-Condenser, its Leads, 

AND THE Bridge 

Careful tests of our air-condenser which has already 
been described® showed it to have an angle of defect of 
something like 9 min. Investigation showed that this 
comparatively large angle was due to the fact that the 



Pig. 6—Connections of Cables in Cable Rack 

guard plate surrounding the edges and back of the low- 
voltage plate of the air-condenser was grounded. Also, 
the low-voltage plate was connected to the bridge with a 
20-ft. length of rubber-insulated, lead-covered wire, the 
sheath of which was grounded. The capacitance 
between the low-voltage condenser plate and its shield, 


Mechanical vibration, such as is due to rotating 
machinery, may affect the amplifier. If the vibration 
is synchronous with the power supply, the balance with 
the amplifier may be false and differ appreciably from 
that without the amplifier. The authors have found 
that porous red rubber sponges under the amplifier 
eliminate vibration. 

The amplifier may oscillate at high frequency, 
usually caused by capacitive feed back of the last tube 



Shielding 


Fig. 6—^Method of Double Guaedino 


to the first. The presence of conducting material, 
such as shielding, aggravates this difficulty by increas¬ 
ing the capacitive coupling. If near a powerful radio 
station, the amplifier is frequently affected by the high- 
frequency electromagnetic waves. Code signals from 
the Charlestown Navy Yard have been detected with 
our amplifier. Both of the foregoing effects are almost 
entirely eliminated by shunting a 1- or 2-ju f. condenser 
across the grid circuit of the input tube. Such con- 


PiG. 7 —Illustkation of Bridge 

and the capacitance to ground of this lead are con¬ 
siderable. The effect of these capacitances is to shunt 
Ri with considerable capacitance. This has the effect 
of making Ci appear to be a poorer condenser than it 
actually is. This matter has already been discussed 
before the Institute.® 

This error is reduced by moving the bridge near the 
air condenser. Also, instead of using lead-covered 
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cable, the connection from the low-voltage plate to 
Ri is made with a 1/16-in. (1.6-mm.) diameter brass 
rod centered within brass tubing 1 in. (2.54-cm.) in 
diameter, as shown in Fig. 1. (Also see Fig. 7.) The 
rod is held central by Bakelite washers spaced approx¬ 
imately 2 ft. apart. Hence, the capacitance of the 
connecting lead to ground is reduced to a very sma ll 
value. Moreover, instead of grounding directly the 
guard plate and the brass tube, they are connected to 
ground through the secondary of a mutual inductance 
m' in series with a variable resistance Ra, Fig. 1. The 
primary of m' in series with a condenser Co' is connected 
from the high side of the voltmeter coil to ground. One 
of the adjustments of the bridge is to connect the 
detector between point a and the point c which is at 
one end of the secondary of m'. By adjusting Ra, 
points a and c may be brought to nearly the same 
potential. However, owing to differences in power 
factor between the working plate and the guard circuit 
of the air condenser, points a and c cannot usually be 
brought exactly to the same potential by adjusting 
Ra alone. The secondary of m', however, may be made 
to introduce into the circuit an e. m. f. which is nearly 
in quadrature with the voltage drop in Ra. Obviously, 
this e. m. f. may be made either to lead or to lag by 
var 3 dng the position of the secondary of m'. The 
magnitude of this e. m. f. is controlled by varying either 
Co' or m'. Thus, points a and c may be brought exactly 
to the same potential and no error due to shunted 
capacitance across Ri can occur. With the bridge 
used here, Co' is of the order of 2 ju f. and w' is approx¬ 
imately 25 millihenrys. 

Also, to eliminate capacitance effects between 
other bridge members and ground, and to shield the 
low-voltage bridge elements from stray dielectric 
fields, the entire low-voltage side of. the bridge is com¬ 
pletely shielded by chicken wire, as shown in Figs. 1 and 
7. This shield is connected to point c and its potential 
balanced to groimd with the condenser shielding, by 
means of Ra and m'. Hence, the bridge shielding is not 
connected directly to ground. For safety, however, 
four film gaps are used. Fig. 1. 

- ' Shielding the Cable 

As in the case of the air-condenser arm of the bridge, 
capacitance between the cable sheath and ground, and 
capacitance to ground of the lead connecting R^ to 
the cable conductor are equivalent to shunting R^ 
with capacitance. Hence, it is desirable to shield this 
lead with brass tubing as with the air-condenser lead. 
Moreover, to eliminate the capacitance between cable 
sheath and ground and to prevent charges in the neigh¬ 
borhood having infiuence on the sheath, the cable is 
almost completely enclosed in screening of %-in. square 
mesh wire, (Figs. 6 and 7). This shielding is connected 
to the brass tubing. Likewise, the ends of the cable 
sheath which serve as guards are connected to this wire 
shield. This entire metallic shielding system is con¬ 


nected to ground through the secondary of a mutual 
inductance m and the resistance R 4 in series. (Fig. 1.) 
When the bridge is being brought into balance, the 
detector is connected between points b and d and the 
potential difference between these points is brought 
nearly to zero. As with the air-condenser, there is 
ordinarily a difference between the power factor of the 
cable proper and this guard circuit, which produces a 
phase displacement between the voltage drops across 
Ra and R 4 . This prevents a perfect balance between 
points a and d unless the phase of the voltage between 
d and ground is in some way shifted. As with the air 
condenser, a simple and effective method of shifting 
this phase is to connect another mutual inductance m 
in circuit in the same manner in which m' was con¬ 
nected, (see Fig. 1). The primary of this mutual 
inductance and a condenser Co are connected in series 
across Ea. If a voltmeter coil is not available, these 
series circuits may be connected across the primary of 
the test transformer or the secondary of a potential 
transformer. 

The secondary of m is connected between R 4 and d. 
Again, this introduces an e. m. f. into this circuit which 
is nearly in quadrature with the voltage drop across 
R 4 . Hence, the phase balance, either lag or lead, is 
quickly made by merely rotating the secondary of m. 
Since both m and m' serve only to bring a guard circuit 
to the correct potential, it is not necessary to know the 
actual values of their mutual inductance. Hence, 
neither m nor m' need even be calibrated, although 
some t 3 q)e of indicating dial facilitates making the 
balance. To minimize the effect of stray fields on the 
amplifier tubes, it is desirable that these mutual in¬ 
ductances be made astatic. 

The values of the capacitance Co and mutual in¬ 
ductance m depend on the voltage Ea and frequency, as 
well as on the electrical characteristics of the guard 
circuit. Fortunately, this system is a very fiexible one. 
With a given value of m, it is not difficult to find some 
value of Co which will give a balance. Moreover, 
since moderate losses in Co do not affect the opera¬ 
tion of the system, paper condensers are perfectly 
satisfactory. 

With the usual cable samples, with a frequency of 60 
cycles and a 100-to-l ratio of Ei to Ea, a sufficient range 
can be obtained if Co is from 0.2 to 2 ^ f. with the mutual 
inductance equal to 3 mh. With an 1100-to-l ratio of 
El to Ea and this same value of m, it requires approx¬ 
imately 20 fit. for our system. For a given range of 
m, the value of Co varies inversely as the square of the 
frequency. Hence, with lower frequencies these values 
of Co and m must be modified accordingly. 

With some samples, such as a 10-ft. cable length, the 
voltage between h and ground may be only 2 or 3 volts. 

If the capacitance between shielding and ground is 
small, this last balance may not be necessary. How¬ 
ever, it is so easily obtained with the system just 
described, that now we always make this adjustment, 
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and at least one factor that might introduce error is 
entirely eliminated. 

Sometimes with small samples, or when inserting 
resistance in series with a capacitance to introduce loss 
purposely, it may require a prohibitively large value of 
Ra and of m or Co to bring the guard circuits to the 
proper potential. This difficulty is readily overcome 
by connecting a condenser Cz to point d as shown in 
Fig. 3. Cz may be a hon-shielded air-condenser, a plate- 
glass condenser, (such as is described later), or even a 
piece of cable. It is seen that this connection amounts 
only to connecting more capacitance in parallel with the 
gu^d circuit. In the test of the E. T. L. condenser, 
which is described later, without Cz, Ra was of the order 
of magnitude of 95,000 ohms and no values of m or Co 
which were conveniently available would bring the guard 
circuit to balance. By using the plate-glass condenser, 
Ra was reduced to 1030 ohms and also the guard-circuit 
balance was readily obtained. This connection also 
facilitates the balance when there are corona or “static'' 
discharges in the guard circuit. 

Another important function of this cable-sheath 
shield is to prevent any loss currents or any capacitance 
currents or any induced charges from high-voltage leads 
finding their way to the sheath, and hence, being in¬ 
cluded in the measurement. The effect of such shield¬ 
ing and non-shielding has already been described."* 
Some investigations of this shielding effect have been 
made in our laboratories. It has been found that shield¬ 
ing increases the power loss and power factor, but de¬ 
creases the capacitance. A typical curve, taken with a 
10-ft.,500,000-cir. mil cable sample, with 8/32-in. wall of 
insulation, is shown in Fig. 4. With the exception of 
the change of capacitance, these effects are just the 
opposite of what would be expected; in fact, in the 
course of dielectric investigations, it has been observed 
that because of some unforeseen and obscure factors 
results frequently are the opposite of those anticipated. 
It may require a prolonged and painstaking investiga¬ 
tion to discover these factors. 

Feeling that this anomalous effect of increased loss 
with shielding might be due to some inherent peculiarity 
of their apparatus, the authors discussed the matter 
with one other laboratory. Careful tests with other 
apparatus showed this same effect. 

Although this effect of shielding is small, an attempt 
was made to determine its causes, both by analyzing 
our bridge circuits and by upsetting the balances of 
Rz and Ra. An entirely satisfactory explanation of this 
phenomenon has not as yet been found, but the matter 
is still under investigation. 

Sometimes at the higher voltages it is impossible to 
balance the guard circuit because of discharges to the 
end-bells and sheath, but this difficulty was overcome 
by the system of double guarding shown in Fig. 5. 
The end-bells and a short section of sheath are grounded 
directly. A second short length of sheath serves as the 
usual guard and is connected to the shielding and hence 


to ground, through R 4 . The higher frequency discharges 
are thus shunted directly to ground and do not dis¬ 
turb the guard-circuit balance. 

In order to expedite the testing of samples, we have 
constructed cable racks. Fig. 6 , which hold six 10-ft. 
lengths each. These racks are mounted on eastern. 
Hence, the cables can be moved about very readily 
and when temperature tests are to be made the rack 
can be rolled into the heating box. (See Fig. 7 ) 

When this rack was first used, the test was conducted 
on a single cable, with the other five free. Although at 
first sight the results obtained appeared to be rational, 
slight variations at times aroused curiosity and led to 
investigation. The cause of these variations was soon 
discovered when a slight personal shock from one of 
the idle cable sheaths was felt, after the high voltage 
had been removed. These charges on the idle sheath 
were sufficiently large to cause considerable error in the 
measurements of the sample under test. All six cable 
sheaths are now surrounded by the shield just described. 
By means of single-pole double-throw switches, (Fig. 6 ) 
the guards, conductors, and sheaths of cables not under 
test are connected to this shield. The authors heartily 
concur in the conclusions of C. L. Kasson* as to the 
absolute necessity of completely surrounding the cable 
sheath with metallic sheathing; if this is not done, in¬ 
duction from insuspected charges on neighboring bodies 
may cause errors and give irrational results. 

Measurement op the Am Condenser 

The air condenser (Ci), if properly designed and 
shielded, may have a very small angle of defect—^less 
than one minute—and if a variable condenser having a 
fixed loss and known capacitance be available,* it is 
possible to measure this angle. Unless a current- 
measuring device be connected in series with either the 
air condenser or the cable the capacitance Ci must be 
known. This is measured by means of a precision 
capacitance bridge, using low voltage and a frequency 
of 1000 cycles per second. It was found that the 1000- 
cycle measurement checked the 60-cycle measurement, 
and 1000 cycles is more convenient. 

In making the measurement, the capacitance between 
the high-voltage plate and the low-voltage plate only 
must be measured. To do this, the relative potentials 
of all plates and shields must be the same as they are 
when in use. Hence, the shielding about the low- 
voltage plate must be at the same potential as the low- 
voltage plate itself, but must not be included in the 
measurement. Also, the capacitance of all other bodies, 
including the leads, must be excluded. 

The connections used by the authors are shown in 
Fig. 8 . Ri and J ?2 are two ordinary non-inductive 
resistances; C'l is a variable precision condenser; C 2 
is a fixed air condenser; jRs is a resistance for compensat¬ 
ing for any differences of loss in bridge arms Ci and 
O 2 ; ordinarily it is not needed. Ra is a slide-wire 
resistance used for obtaining the “Wagner ground.'* 
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The guard circuit is grounded permanently at S. A 
small capacitance C 4 between the high-voltage plate 
and ground is necessary to balance the capacitance of 
the guard circuit to ground (and also that of Ci to 
ground with switch iS at a), when the ground balance is 
being obtained. 

The bridge is first balanced with switch S at a, which 
groimds the low-voltage plate of Ci. Ci' and Rz are 
adjusted until a balance is obtained. By connecting 



Fia. 8 —Connections for Measuring the Caracitancb op 
A Shielded Condenser 

the phones to the slide-wire contact, the ground balance 
is also made, adjustment of C 4 and being necessary. 
Switch S is then thrown to 5, which shunts Ci across 
Cl'. Cl is now readjusted imtil the bridge is again 
balanced. The Wagner ground is also rebalanced. 
The capacitance Ci is then the difference between the 
settings of Ci'. 

From their experiences obtained in connection with 
dielectric research in general, the authors cannot over¬ 
emphasize the importance of investigating all potential 
and capacitance relatiqns in the manner which has 
just been described. The neglect of some apparently 
minor detail may give an incorrect and misleadingresult. 

Transformer Ratio and Phase Angle 

The bridge gives a convenient and precise method for 
checking both the ratio and phase angle which exist 
between the total secondary voltage of the testing 
transformer and that of the voltmeter coil. The 
secondary voltage is usually assumed to be the voltage 
across the voltmeter coil multiplied by the ratio of 
secondary turns to voltmeter-coil turns. Also the 
voltage across the voltmeter coil is frequently assumed 
to be in phase with the secondary terminal voltage. 
These assumptions are based on the voltmeter coiFs 
being so located in the secondary winding that it is 
linked by the same flux which links the secondary 
itself.® That these conditions are not exactly true 
has of late been recognized.® For some measurements, 
actual departure from the assumed conditions is 
negligible but compensation or correction may be 
necessary in dielectric-loss measurements of low power 
factor. In order to obtain some idea of the magni¬ 
tude of these relations, ratios and phase angles in 
three testing transformers have been measured. The 
connections are given in_^ Fig. 9. The air condenser 
Cl, the primary of the mutual inductance M, and the 


resistance Ri are connected in series across the high 
voltage El. A capacitance Co in series with a variable 
resistance Rq is connected across the voltmeter coil, 
whose voltage is Ez. To measure the phase angle 
between Ei and Ez, the phase angles of the two con¬ 
densers Cl and Co should be known. The angle of 
defect of Ci is probably 0.5 min. or less. So far as we 
could determine, the angle of defect at 60 cycles of the 
best mica condensers of the capacitance of Co may be of 
the order of from 5 to 10 min. Hence, it became neces¬ 
sary to make a low-voltage air-condenser Co for this 
purpose. Co consists of 43 aluminum plates, 12 in. 
by 14 in. (30.5 cm. by 35.6 cm.), 1/16 in. (0.159 cm.) 
thick and spaced approximately 0.18 in. (0.457 cm.). 
This condenser has a capacitance of approximately 
0.010/xf. With the exception of four hard-rubber 
washers between the supporting rods and the two plates 
at each end there is no dielectric other than air between 
the alternate 43 plates. Although there were facilities 
sufficiently sensitive to measure angles of defect of 
small radio condensers, the measuring apparatus could 
not detect any angle of defect in this condenser. 

The bridge is balanced by adjusting Ri, Ro, and M. 
Then 

El Co jRo 

-w = -c:k 

This assumes that the effect of jB 2 and Ri on the im¬ 
pedances of their respective circuits is negligible com¬ 
pared with their condenser impedances.. With bridges 
of this type, the error is considerably less than 0.1 of 
one per cent. 

If the angles of defect of Ci and Co can be assumed 
equal, the angle between Ei and E 2 , 



Pig. 9—Connections for Determining the Ratio and 
Phase Angle of Voltmeter Coil 


M CO 

^ = tan~i + tan“i 00 CiRi— tan-^ co Co Ro ( 5 ) 

All the above angles are very small. coCiRi is 
almost always so small as to be negligible. Hence 

M CO 

j8 = — CO Co Ro, nearly ( 6 ) 

M CO 

If lags h and is greater than co Co Ro, E^ lags Ei. 

M CO 

If CO Co Ro is greater than , E 2 leads Ei. 

JKi 
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Below are a few typical data taken with a 15-kv-a., 
60-kv. transformer. This transformer was made in the 
early days of transformer design and the voltmeter coil 
is not placed in the best position. 


Co - 0.01033 At f. 


Freq. 


61 

61 

61 

45 

45 


^2 




Ri 


Mh 


Cl 121,5 fJL fjif. 


Batio 
a <r 


El 


fi (minutes) 


+ J?2 leads 
— £2 lags 


3.0 

10.0 

22.0 

8.0 

16.0 


682.0 

676.6 

674.6 
674.0 
671,2 

lioad a 


50 

50 

50 

50 

50 


No-load 

0.650 
0.517 
0.617 
0.470 
0.330 


1155 

1147 

1144 

1142 

1138 


3»465 

11,470 

25,200 

9,136 

18,210 


10ft.cable, C « 1216 fi fit 


+ 


7.7 

4.4 

4.4 

2.4 
0.3 



The following data were taken with modern testing 
transformers. 


15 kv-a., 260/50,000 voltB 


Co ^ 

- 0.01007 

fit. 

Cl 

■» 580 IX IS 

Freq. ■« 

t f. 60 cycles 

1 

E 2 

Rq 

Ml 

Mh. 

Ratio » a 

Ml 

i9(ailnutes) 
Ei leads 


No-load 


200 

716.6 

50 

0.25 

248.6 

49,700 

8.8 

140 

716.6 

50 

0.25 1 

248.5 

34,790 

8.8 

79 

716.4 

50 

0.00 1 

248.7 

19,650 

9.4 

Load B 100 ft. cable; 

I >- 0.096 

a. at 36 kv. 

Kv-a. ■« 3.6 

141 

716.7 

50 

0.15 

248.8 

35,100 

9.8 

120 

717.6 

50 

0.15 

249.1 

29,900 

9.8 

100 

717.7 

50 

0.30 

249.2 

24,920 

10.1 

40 

717.7 

50 

0.30 

249.2 

9,970 

10.1 


100 kv-a.; 260/100,000 volts 


Co - 0.01007 Atf. Ci^BSOnnt. Freq. - 

60 cycles 


. .1 

E 2 

Mi 

ill 

Mh 

Ratio » <r 


i8(inlniites) 
Ei leads 




No-load 




69 

100 

6766 

5.0 

99.90 

58,900 

10 

50 

100 

6763 

5.3 

99.88 

49,940 

9 

36 

100 

6763 

5.3 

99.88 

20,710 

9 

Load » 100 ft. cable. 

I » 0.096 a. at 36 kv.; kv-a. *» 

3.5 

36 1 

60 1 

2875 1 

0.2 I 

09.84 1 

35,940 1 

38 


Although the foregoing tabulation is not complete for 
the entire load and frequency range of the transformers, 
it does give the order of magnitude of the ratio change 
and the phase angle which may be expected under the 
conditions of no-load and of moderate condensive loads. 
When the voltmeter coil is properly located, the ratio 
varies only slightly for all voltages and loads. The 
value of this ratio should be determined with high 
precision, for in many methods of power measurement 
this voltage appears to the second power. 


The magnitude of the phase angle is such that if the 
wattmeter be used for power measurement at low 
power factors, large errors must result. For example, 
a phase-angle difference of six minutes makes an error 
of 0.001 in the power factor and a corresponding error 
in the power. Good cables frequently have power 
factors as low as 0.4 per cent., so that this error in 
phase angle may well introduce 25 per cent error into 
the power measurement. Fortunately, most of the 
precision methods now used do not utilize the volt¬ 
meter coil in measuring the power. However, when 
a dynamometer is used, compensation is obviously 
necessary. 

The phase-angle and ratio errors in potential trans¬ 
formers are much less than with voltmeter coils. 
However, potential transformers for these higher 
voltages are expensive, and two or three are necessary 
for the usual ranges of testing voltage. A sufficiently 
accurate method for measuring the high voltaige 
directly is to connect a dynamometer in series with the 
air condenser Ci. Then this voltage 




h 

Cl CO 


(7) 


where h is the current in the dynamometer. 

With the lower voltages, our condenser did not have a 
capacitance great enough to give sufficient dynamom¬ 
eter deflection. Hence, a special plate-glass condenser, 
having a capacitance of 1880 ju n f., was used. 


Checking the Bridge 


Many factors which may not be apparent, and some 
which cannot even be foreseen, may introduce error into 
the measurement of dielectric loss. Hence, it is highly 
important to check and cross-check the measuring 
apparatus, and should any discrepancies be found, they 
should be investigated carefully. 

A convenient check on the resistances, capacitances, 
and indicating instruments may be made by using the 
connections shown in Kg. 9. A deflecting dynamom¬ 
eter is connected at a between the low-voltage plate of 
Cl and the mutual inductance Jkf. Ci may be either the 
cable or the air-condenser. By the authors both are 
used. 

The current in the dsmamometer 

Ix — El Cl 0) 


FromEq. (4) 


El — Ez 


Co Ro 

GiBi 


R 

Hence, h = E 2 Co(a (8) 


The four quantities Co, co, Ro, and Ri are known. 
Below are given typical data which we have taken in 
making such measurements. 


<a 

Ei 

Mo 

Co 

ill 

li m. a. 
from (8) 

It m. a. 
(observed) 

377 

25 

1,004 

0.016 Atf. 

109 

1.300 

1.295 
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It will be noted that the calculated and observed 
values of current are in almost exact agreement. 
This is not a power check, however, but the close 
agreement among the foregoing quantities gives added 
confidence in the use of the bridge for power 
measurements. 

Already it has been pointed out that in these very low 
power-factor measurements, the measured values of 
power are proportional to the difference in phase angle 
(or its sine or tangent) between that of the reference 
standard, such as the air-condenser and that of the 
test specimen.^ If known losses are introduced into 
such a system, either into the air-condenser branch or 
the test-specimen branch, the measuring apparatus 
gives only the change in the phase angle. Hmice, the 
absolute value of the power must depend on the value 
of the angle of defect of the air condenser. If this 
angle of defect be known, correction can of course be 
made. However, the introduction of a known loss into 
one or the other bridge arms does give a very good check 
on the accuracy of the apparatus in the measurement 
of phase difference. If the characteristics of the air 
condenser are known, the accuracy of the bridge in 
measuring this phase difference is also its accuracy as a 
power measuring device. 

To insert a known loss in series with a capacitance of 
known characteristics and thus to determine the cor¬ 
responding phase difference appears a comparatively 
simple matter. The authors thought so at first. 
Experience, however, has taught that to conduct such 
tests properly, a detailed knowledge of shunted ca¬ 
pacitances, their magnitudes, and methods of either 
elinunating them entirely or of making their effect 
negligible, is very necessary. 


Transactions A. I. E. E. 

'i 

A considerable source of error, however, may enter 
such measurement. In making the balance with r 
in circuit, the points 6' and c, as is usual, are brought to 
the same potential by adjusting R^. (The mutual 
inductance m. Fig. 1, is also used but omitted in Figs. 10, 
11 , and 12 for simplicity.) Point a is at a higher po¬ 
tential than point 6 or &' by the voltage drop in resis¬ 
tance r. This is of the order of from 50 to 200 volts. 
Hence there now exists the effect of capacitance 
between the low-voltage plate a and its shielding S, 



Fig. 10—Incobsect Method of Connectino Sebies 

Resistance 


Some of the current coming through C 2 , instead of 
flowing through r and R 2 in series, flows to ground 
through Ri. 

If the connections shown in Fig. 10 are modified, as 
shown in Fig. 11, it is possible to make small these 
capacitance effects which cause discrepancies. The 
resistance r is removed from within the shielding S and 
mounted in such a way that its capacitance to ground or 
to the shielding is negligibly small. The capacitance 
C 2 is made large so as to make any capacitance currents 


Eu volts 

Jti 

Ri 

Rs 

Ri 

M iMh) 

/ 

CO 

l 2 (m. a.) 

Power factor 
(sin 

Power watts, 

19,300 I 

770.1 1 

so 1 

1983 1 

43.850 1 

r - 0 
3.59 1 

62.3 1 

392 1 

14.22 1 

0.02815 1 

- - 

7.73 

19,300 1 

769.8 1 

50 1 

1983 1 

202 1 

r - 12,410 

4.79 1 62.3 1 

392 1 

14.22 1 

0.0375 1 

10.28 

- 

Cl a 122 li fit. 

Increase of power «■ 10.28 — 7.73 =• 2.55 watts 

Power dissipated In r (0.01422)^ 12,410 =• 2.51 watts 

Ci 

1 » 1878 M M f. 


Differeace = 1.6 per cent, 
sto ^2 — sin 1^-1 “ 0.00935 from (9) 
Czr a B 0.00914 


Consider first the bridge circuit shown in Fig. 10, 
which is the ordinary bridge circuit with a resistance r, 
connected to the low-voltage electrode of the test 
capacitance C 2 , so that it may be inserted in series with 
it. 

The bridge is first balanced without r in circuit and 
the power factor sin is obtained. The resistance r is 
then inserted in circuit and a second balance is ob¬ 
tained, giving the power factor sin ^ 2 . The increase in 
power factor for these small angles 

sin ^2 ~ sin = r C 2 w 


from r to the shielding negligible in comparison. The 
shielding balance is obtained by bringing points 6 and c 
to the same potential by adjusting R^, and also m 
(see Fig. 1), the condition of equal potential being 
determined by connecting detector D between b and c. 
For C 2 , a condenser having plate glass 0.6 in. (1.27 cm.) 
thick as a dielectric and tinfoil as the electrodes is 
employed. This condenser is immersed in oil. Below 
is given a set of typical data which we have taken, 
using these conditions. 

These measurements have also been verified by 


(9) 
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testing one of the E. T. L. standard condensers without 
and with a resistance in series, the connections being 
similar to those given in Fig. 11. Below are given 
data for one voltage: 


El 

volts 

Ri 

Ri 

M 

(.mh) 

/ 

li 

(m a) 

Power 

factor 

(sin 

Power 

watts 

10,000 1 

668.4 1 

100 1 

r « 
0.48 1 

>0 

60 1 

3.07 1 

0.0810 1 

0.0554 


r - 12,500 

10,000 668.8 I 100 j 1.515 1 60 I 8.07 | 0.5710 I 0.1750 

Cl - 122 M M f. Ca *= 815.5 ft Uf. 

Increase of power = 0.1750 — 0.0554 * 0.1196 watt 
Power dissipated in r - (0.00807)* 12,500 - 0.1178 watt 
Difference = 1.5 per cent. * 



PiQ. 11 —CoRRBCT Mrthod OF Connuctinq Resistancb in 
Series with Low-Voltage Plate 


Ra, Even then, the same difficulty exists as was en¬ 
countered in Mg. 10. With r in circuit, there is 
potential difference between the shielding S and the 
high-voltage plate &. Hence, current will pass from 
S to b to Rz without going through r. This introduces 
error which is very difficult to eliminate. 

Also the guard rings a a and a' a' must be sufficiently 
removed from the plates 6 and b', or current from a a 
may flow to b' or current from b may flow to a' a'. 
In the flrst case, too much current flows through R^; 
in the second case, too little current flows through Rz. 
These effects make it almost impossible to use the 
ordinary air-condenser for this purpose. 

As a matter of interest, the 12,100-ohm resistance was 
connected in series with the high-voltage plate when 
making the tests with the E. T. L. condenser. The 
measured power in every instance was 13 per cent 
greater than the computed power. This was to be 
expected, since the currents in r and Ra (Fig. 12) could 
not be equal. Some of the cilrrent in r is leakage 
current since there was no high-voltage guard-ring; 
also, some of the current in r goes to the low-voltage 
guard-rings. Hence, the current in r must be larger 
than that in Rz and the two probably differ in phase by 
some indeterminate angle. Therefore, the measured 
power must necessarily be greater than the computed 
power. 


It was impossible to obtain these very close checks 
until the guard circuits were carefully balanced in both 
phase and magnitude by the methods which have 
already been described. In fact, it was due to the 
unexplainable discrepancies between measured and 
computed values which led to the study of further effects 
of guard-circuit balances, and the development of these 
methods. 

To those who have had experiencje in the t 3 q)es of 
measurement which have just been described, the fore¬ 
going agreements are remarkably close, particularly 
when it is considered that with the plate-glass con¬ 
denser, for example, the difference of 1.6 per cent in 
the values of power occurs in factors which are dif¬ 
ferences of two quantities, one of which is 76 per cent of 
the other. 

It is interesting to note that with the plate-glass 
con4enser (r = 12,100 S2) the difference of potential 
between the shielding S and ground. Fig. 11, 

' E, = 0.01422 X 12,460 = 177.2 volts 

With the E. T. L. condenser Ea = 0,00307 X 12,600 
= 38.7 volts. 

It might be thought that the foregoing difficulties 
due to the capacitance of shielding could be overcome by 
inserting the resistance r in the high-voltage side of the 
condenser Czt as shown in Mg. 12. It then becomes 
necessary to shield completely the high-voltage plate 6, 
as shown in Mg. 12. Otherwise there will be capaci¬ 
tance currents from this plate b to ground. Hence, 
all the current flowing through r does not flow through 


Harmonics 

If a sinusoidal e. m. f. be impressed on the bridge 
circuit, such as shown in Mg. 1, no harmonics will 
occur so long as the capacitance and resistance of the 
system remain constant. When ionization does occur, 
however, the capacitance of the cable varies during the 
cycle, and harmonics, commencing with the third and 
extending well through the range of audible frequencies. 



Fig. 12—^Method of Connecting Resistance in Series 
WITH High-Voltage Plate 

appear in the current wave. The theoretical effect 
of these has already been discussed before the Institute.® 
In the ordinary cable, the magnitude of these harmonics 
is so small compared with the magnitude of the chnrgi-ng 
current, (and they add in quadrature), that it is doubt¬ 
ful if they have appreciable effect on the magnitudes of 
current and capacitance as determined by a bridge or 
by deflection instruments. 
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With a pure sine wave of voltage impressed on the 
system, these harmonics cannot contribute power 
because there is no component of their own frequency 
in the voltage wave. However, they do cause a dissi¬ 
pation of energy in the ionized air films, as is well known. 
Obviously this power must be taken from the power 
which is being supplied at fundamental frequency. 
It is not unlike the well known radio-telegraph circuit, 
through which very high frequencies are obtained from 
a low-frequency source by means of arc discharges. 

These harmonic currents cause a voltage drop across 
resistance Rz, Figs. 1 and 2. There is no corresponding 
harmonic voltage drop in Ru Hence, under the con¬ 
ditions of a sinusoidal wave across the bridge, the 
detector, when tuned for any harmonic, cannot be 
balanced. With a tuned galvanometer, such as em¬ 
ployed here, it is possible to balance the fundamental, 
and then, by varjdng the tuning, to select, one at a time, 
the harmonics of the higher frequencies which cannot 
be balanced. 

At one time these harmonics produced effects which 
baffled us temporarily. When testing some cables at 
low., frequency, it was noticed that the mutual induc¬ 
tance became negative as soon as ionization began; 
that is, the cable apparently had become a source of 
energy. Since this effect was concurrent with a corona 
discharge in our end-bells, this discharge was at first 
blamed. Elimination of this discharge, however, 
failed to remedy the difficulty. After investigating, 
and eliminating other factors which might possibly 
have caused the difficulty, it was found that a third 
harmonic in the impressed voltage wave was responsible. 
A 60-cycle generator was operating at 25 cycles. The 
higher saturation of the alternator iron introduced a 
small third harmonic into the impressed voltage wave. 
Hence, a third harmonic voltage appeared across Ri, 
Figs. 1 and 2. This harmonic had no particular phase 
relation with respect to the third-harmonic voltage 
across Rz due to ionization. Hence it was possible to 
obtain a balance with a negative value of mutual 
inductance. One of the factors that prevented a more 
rapid solution of the difficulty was the fact that the 
galvanometer had inadvertently been tuned for the 
third harmonic and its deflections were so large that it 
was thought to be tuned as usual for the fundamental. 

Conclusions 

1. The bridge used for precision dielectric-loss 
measurements should be shielded from electrical, 
magnetic, and mechanical disturbances. 

2. The air condenser and the bridge leads should be 
shielded, and the shielding should be brought to the 
same potential as the conductors which it shields. 

3. The cables should be properly shielded and this 
shielding brought to the same potential as the cable 
sheat^. Electric discharges should be prevented from 
entering any shielding circuit which is to be balanced. 
Methods of balancing shielding in both phase and 
magnitude are not difficult. 


4. In measuring the capacitance of the air condenser, 
a method which maintains the potential of the guard 
plate always at the potential of the low-voltage plate 
must be used. 

5. It is possible to measure with precision by means 
of a bridge circuit the ratios and phase angles of high- 
voltage transformers. With the voltmeter coil prop¬ 
erly located, the ratio is practically constant at all 
voltages and loads. The phase angle may change 
considerably with load. 

6. The precision of the bridge may be checked by 
the introduction of known losses in its arms. Extreme 
care must, however, be exercised less leakage and stray 
capacitances give, misleading results. 

7. With a tuned galvanometer and a sinusoidal 
impressed e. m. f., harmonics probably introduce no 
error into the ordinary dielectric-loss measurement. 
Harmonics are troublesome, however, in that they may 
at times produce anomalous effects in bridge circuits. 

The authors are indebted to Mr. P. H. Humphries of 
the Harvard Engineering School and to Mr. L. E. 
Cirella of the Simplex Wire & Cable Company for their 
assistance in obtaining the data given in this paper; to 
Professor H. E. Clifford of the Harvard Engineering 
Schqol and to Messrs. D. W. Roper, F. M. Farmer, and 
W. F. Davidson of the Joint Paper Cable Research 
Committee for their suggestions in the preparation 
of this paper. 
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Discussion 

L. E. Cirella: For two years we have been using a bridge 
similar to that described by the authors. Profiting by their 
previous experience we have been able to avoid most of the 
difficulties described by them. 

In the paper two reasons are given for the error made in mea¬ 
suring the phase angle of the air condenser, namely, 

(1) Directly grounding both the condenser guard plate and 
the sheath of the low condenser plate lead wire, and 
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(2) The high capacitance from copper to sheath of the low 
condenser plate lead wire. 

Tests we have made show that directly grounding the guard 
circuit is the principal cause of error. Increasing the 
capacitance of the guard circuit wires five times in either 
the condenser or cable guard circuit showed no measurable 
change in cable power factor as long as the Rt and Bi circuits 
were balanced. When the bridge is completely balanced the 
condenser guard and the low condenser plate are at practically 
the same potential and the same is true of the cable sheath and 
the cable shielding; therefore the capacitance current in shunt 
with the resistance arms of the main bridge is negligible. 

Cheek tests were made recently with this bridge to show the 
effect of completely shielding the cable sheath of a sample. 
These tests gave slightly lower power factor, watts loss, and 
capacitance with complete shielding, indicating that the curves 
shown in Fig. 4 are not due to any inherent characteristic of this 
bridge. Looking at Fig. 1 it may be seen that shunting Rz with a 
capacitance or upsetting the balance of Ri will influence the 
capacitance, power factor, and watts loss of the cable sample. 
Tests were made on an unshielded sample of cable at 25 deg. 
cent, and curves similar in shape to those in Fig. 4 were ob¬ 
tained. Throughout this test the Ri circuit was carefully 
balanced, Ri being close to 6000 ohms. A second test made on 
the same sample with no shielding and E 4 at 4500 ohms gave 
curves Himilar to those for shielded cable of Fig. 4, that is, the 
power factor and watts loss were higher and the capacitance 
lower. This does not explain the curves of Fig. 4 satisfactorily, 
however, for it does not seem possible that two laboratories 
would have made balances with Rt 1500 ohms below the value 
for a balance when the sensitivity of this bridge is so great that 
20 ohms off balance will cause a galvanometer deflection greater 
than 500 mm. In fact our tests suggest, in general, that the 
small differences shown in Fig. 4 are caused by slight differences 
in the cable temperature. For instance, three tests made in imme¬ 
diate succession on the same table, the sheath of which was 
shielded, not shielded, and shielded showed continually in¬ 
creasing power factor regardless of the shieldmg condition. 

H. W. Lamson ; I have had occasion recently to develop a low- 
frequency amplifier intended for use in connection with a record¬ 
ing cardiograph. My purpose was to amplify low audible fre¬ 
quencies over a range from about 30 to 40 cycles per see., and at 
the same time exclude as much as possible interference from 60- 
cycle mains or any harmonics thereof, or any other higher fre¬ 
quencies. This I was able to do with considerable success by 
using carefully designed transformers having tuned secondaries 
resonant at, say, 35 cycles. 

It occurred to me that the interference difficulties which Pro¬ 
fessor Dawes experienced in his amplifying system might, per¬ 
haps, be largely eliminated by the use of a similar type of ampli¬ 
fier using, of course, transformers tuned to 60 cycles. 

P. H. Humphries t Although the theory of the high-voltage 
bridge designed and used by Professor Dawes and his associates 
in dielectric research has been previously described,! I believe 
that a mathematical derivation of the bridge equations and an 
analysis of the conditipns for balance would add to our under¬ 
standing of its operation. 

In Fig. 1 herewith is given the simplified bridge circuit which 
has already been presented before this Institute. The conditions 
for balance are derived on the basis of Maxwell’s cyclic current 
equations. 

_ „ 3 

Let the circuit constants be Zi = Ri; Zz = ri — — ; 

Cl CO 

Z 3 = rz + j ( Li a - ^Zi = Ri;M j m a. 


1 . O. L. Dawes and P. L. Hoover, Ionization Studies in Paper Insulated 
Cables—I, A. I. B. E. Tbans., Vol. XLV, 1926, p. 142, Fig. 3. 


Writing the voltage drops around the networks cade and 

XiZz + Zt - 2M + Za)-iX Y) (Z a -M)-I-&Zz = 0 (1) 

(Z -h F) (2?i + Z G -H Zi) - X{Z G - M) - Jb = 0 (2) 

A simplification of Equations (1) and (2) gives the two simple 
simultaneous Equations (3) and (4). 

X {Zi + Za - M) + YiM- Za) == I^Zi (3) 

X (Zi + Zi + M) + Y (Zi + Z a + Zi) = Ib Zi (4) 

The galvanometer current F, the presence of which is evidence 
of bridge unbalance is given by (5). 

Zz "b Za — M /b Fj 

„ _ Zi Zj + M _ Ib Zi _ .g. 

^ “ Zz+Za- M M- Zg 

Zi Zi M Zi Z G -{-Zi 

The condition of balance requires that the denominator in (8) 



be zero. Hence from the numerator Equation ( 6 ) is derived. 

ZiZa - ZiM Zz Zi+ZzM (6) 

Replacing the generalized bridge impedances in ( 6 ) by their 
complex values, 

El r 2 “h i ^ L 2 w — — j Ri tn a 

From Equation (7) by eqiiating the real parts: 


m RiVi C\ -jr tn 

El rz = Ej n -h — or rz = -- 

Cl iCi Cl 

From Equation (7) by equating the imaginary parts: 

Rz , 

H- ri m w 


/ 1 \ E 

~ ~ c. 


0) 


Solving Equation (9) for Cz 

C. - 


Cl E, 


Ea + Cl to“ [ El ( L2 — m ) — m ri ] Rz + k 


(7) 


(8) 


(9) 


( 10 ) 


where 

k == Cl a >2 [ El ( X /2 — m ) — mri] 

The second term in the denominator, k, is ordinarily negligible 

El 

in comparison with E 2 as will be shown later, hence C 2 = Ci 

The phase angle of the dielectric under test may be found as 
follows: 


tan ^2 = ra C 2 « 


= [ 


Rz Ti Cl "1- m 


El Cl 


] 


El Cl 


E 2 + Cl « 2 [Ei(La — m) — m ri\ 


CO = 


(. 5 -t- m) CO 
Bz H" k 
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where B = R^ri Ci 

It will be shown later that in this type of work the term B may 
also be neglected, hence 

tan ^2 = —=;— ( 11 ) 

£02 

The original values for the capacitance and phase angle of the 
test specimen are too involved for practical application so certain 
factors as noted are neglected. It may be seen from the following 
calculations that the approximations are justified. 

The following data were taken from measurement upon a 15- 
mil (0.038-cm.) air film in series with a 0.5555-in. (1.41-cm.) 
Pyrex plate, test area 17.25 sq. in. ( 111.3 sq. cm.) at a gradient 
across the air film of 120 volts per mil- 

Ci = 122 (10)-“/; ri = 0 El = 532.3 Ea = 2000 Q; 

r 2 = 3 (10)« Q; M = 0.220 A; = 0.800 h; f = 60 

Using these data above 

k = Cl [Rii Li - m) - mn] = 0.00535 
a value which is insignificant when compared with E 2 . 

B = RiViCt =0 

It may be seen therefore that Cz and tan ^ 2 , even in a case where 
a portion of the composite dielectric is subjected to very heavy 
ionization, are not affected by the approximations. 

The theory of operation of the guard circuit Pig. 2 herewith is 
as follows: 

The conditions for balance of this guard circuit whether it be 
an air condenser or test-specimen guard may be derived by the 
method employed for the bridge proper. These equations, 
however, are exceedingly involved and much time and labor 
is consumed in reducing them to the form where balance condi¬ 
tions may be readily noted. The circuit may be solved quite 
simply by means of a vector di^am, Pig. 3. 

Let a = the phase angle of the bridge arm containing the 
dielectric under test. 

ich a diagram it is quite impossible to draw aU vectors to 



Pio. 2 — ^Diagram op Connections for Guard Circuit 


scale such quantities as voltage drops across Es and E 4 and the 
shift in phase produced by the mutual inductance of necessity 
being exaggerated. 



a - ^i —ypi 

( 12 ) 


. Ic W. 03 



tan a = ^ 

Ib E* 

(13) 

tan rffi = 

ri Ci 03, (Ri negiligible compared with r 2 ) 

(14) 

tan sss - 

Ib (E 4 + r 2 ' 7b ^ 2 ' 03 (Ri ■+■ n') 

(IS) 

I/CVIX yr J 

7b Ic Ci'm 03^ + Ib 


7c m w + Q^> 



In the expression for tan ypi, Ic Ci m is negligible compared 
with I B, hence 

tan ypi = Ci <a (E4 + rt) = Ci w, (E4 negligible compared 
with Ti. 

Since ^2 and ^1 are both small angles and rf/i — rj/i is small we 
may write 

tan a — tan (^2 — ^ 1 ) 
or 


Ic m a 
I B E4 


— Ci Ti U ~ Ci* Ti* W 


(16) 


In the expressions for Jb and Ic the resistance E 4 and the 



reactance m a are insignificant in comparison with the conden- 
sive reactances in these arms, hence 

E 

I — JEi Ci 03 and Ic ~ Bi Co 03 = - Co w 

<r 

Equation (16) then becomes 


El Co m ofi 
a- El Ci 0 ) Ri 


Ci Ti to'— Ci' Ti' to 


(17) 


or 

mCo a Ci' Ri (Ci Ti - Ci' n') (18) 

In the past shields and guards have been referred to rather 
loosely and the use of them made in a haphazard “hope for the 
best” attitude. There remained much doubt regarding the 
efficiency with which they performed the functions for which 
they were employed. Messrs. Dawes, Hoover, and Reichard are 
to be warmly congratulated upon the methods which they have 
developed to bring the shielding and guards to the correct poten¬ 
tial and the steps that they have taken toward clarifying the 
situation with reference to the proper use of shields and guards 
in such a difficult and poorly understood t 3 rpe of research. 

C. T. Weller: In a discussion of my paper entitled 132-Ea. 
Shielded PotefUiometeT for Determining the Accuracy of Poten~ 
tial Transformers,^ I was asked why we utilized shielded 
resistance instead of capacitance in the potentiometer or voltage 
divider. 

Our principal conclusion in regard to the use of capacitance 
was that “capacitors of the types and ranges required were not 
in the same class as resistors from the standpoints of stability 
and accuracy. These views were confirmed, in general, by Dr. 
H. L. Curtis of the Bureau of Standards.” J also stated that 
“it is obviously desirable to keep the size and the cost of testing 


2. A. I. E. E* Quarterly Traks*, Vol. 48, July 1929, p. 790, 
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equipment at a minimum and it is hoped, therefore, that other 
laboratories will proceed with the necessary development work so 
that capacitance or impedance potentiometers will be available 
which are comparable with the 132-kv. shielded potentiometer 
in flexibility, stability, and accuracy as well as in voltage range.” 

It is evident from the paper by Messrs. Dawes, Hoover, and 
Reichard and from the discussion, particularly Professor 
Kouwenhoven’s, that progress has been made (a) in the design 
and application of high-voltage capacitors and (b) in replacing 
the low-voltage mica capacitor previously used by an air 
capacitor. 

I notice also that the authors recognize that harmonics are 
objectionable and capacitance tends, of course, to amplify them. 

While I still feel that resistance is preferable to capacitance, 
inductance, or impedance for determining the accuracy of po¬ 
tential transformers, I should appreciate comments along this 
line by the authors and others interested. 

T. F. Peterson t Mention has been made of the fact that it 
had been origfinally planned to have a paper on Errors in Loss 
Measurements by Dr. Ryan. I happened to have the good for¬ 
tune to be associated with him in some of his work, and so have a 
little of the information which might have been included in such 
a paper. Inasmuch as it logically falls in the classification of 
errors in measuring dielectric loss, which Professor Dawes covered 
so thoroughly, I think it might be presented at this time. 

One of the methods developed by Professor Ryan for measuring 
dielectric loss, particularly corona loss, is by means of a dy¬ 
namometer wattmeter, using a high-resistance water column as a 
potential multiplier. A high-voltage transformer grounded at 
one end is connected to the two coils of the wattmeter, which is 
housed in a copper gauze shielding cage also at high potential. 
One coil of the instrument is connected to the transmission line 
by conductors which are shielded by surrounding pipes and which 
are maintained at the potential of the cage. The other coil, 
that is, potential coil, is connected by shielded conductors to a 
flowing water-column resistance. The circuit is essentially that 
of a wattmeter with a potential resistance multiplier, and, by 
reading current through the water column as well as the voltage 
across same, the multiplying factor may be determined. 

As can be appreciated, the measurements at these low power 
factors at such high voltages were shrouded with aU manner of 
insidious errors. H. H. Henline was the first to recognize the 
difidculties incurred by the slight difference in potential existing 
between leads to the line and water column and their respective 
shielding pipes. Since the leads were connected to the trans¬ 
former by the impedances of the instruments through which cur¬ 
rent had to flow, and shields were connected directly, a difference 
in potential existed between the shield and conductor equal to the 
drop through instruments. This gave rise to charging current 
which, with the large charging current to the line, conspired to 
introduce great errors, aU too deceptive because they were pro¬ 
portional to the voltage squared. 

I worked up the mathematics of the circuit and we finally 
evolved the method of introducing compensating impedances 
between the transformer and shields which enabled us to estab¬ 
lish zero potential difference between the conductors and shields. 
This made possible the elimination of one source of error. 

There still remained another baffling difficulty with the set-up 
which introduced errors of unknown magnitude. The water 
column was supposedly pure resistance serving as a wattmeter 
multiplier by allowing a flow of current exactly in phase with the 
voltage. However, between the turns of the water column 
(about 6 ft. high, 8 turns) and from each turn to ground, there 
was appreciable capacity. The charging current to this (through 
the potential coil of wattmeter) though small, was in phase with 
the very large charging-current component to the transmission, 
and hence when these were multiplied by the instrument a 
very great error appeared. Though the existence was recog¬ 
nized and its value could be changed from a positive one to a 


negative one by adjusting shielding rings around the coil, it was 
most difficult to determine when the error was zero without the 
use of a zero-loss condenser substituted for the transmission line. 

At that time I introduced a method of determining when 
these errors were entirely eliminated from the reading, or which 
would allow of their elimination by computation. This con¬ 
sisted in taking a reading of loss with one setting of valves con¬ 
trolling the flow of water in column. Then the flow was cut 
down, thus allowing the temperature of the water to rise with a 
corresponding decrease in electrical resistance. In this way the 
current through the coil (in phase with voltage and with the loss 
component of current to line) could be altered in any way desired. 
Obviously the charging current of the water column remained 
constant since the configuration was not changed. A second 
set of readings was then taken, and by means of simultaneous 
equations the error could be eliminated and the true value of loss 
determined. It was, however, found more desirable to eliminate 
the error by adjusting the shielding of the water-column coil 
until doubling the current through this coil resulted in an exact 
doubling of the wattmeter reading. This condition obviously 
obtained when the error was zero and the measurement was 
truly that of the corona loss. Accomplishing this without the 
use of a zero-loss condenser was, to me, a decided advantage to 
this method and proved to be a great boon to the efforts then 
being made to determine corona loss exactly. 

V. A. Thiemant Pig. 4 of the papers shows that careful 
shielding of a cable may actually increase the power factor and 
power loss. This effect is opposite to that which might be ex¬ 
pected, and is contrary to results which have been obtained by 
others. As a part of a graduate thesis, I have conducted an 
extended investigation of such shielding effects. Two samples of 
cable which will be designated as X and Y were used for these 
tests. Cable X was a 600,000-eir. mil single-conductor cable 
with 12/64-in. (d.477-om.) impregnated-paper insulation and 
cable Y was a 300,000-cir.-mil single-conductor cable with 
14/64-in. (0.556-cm.) paper insulation. All tests were made at a 
frequency of 60 cycles. The bridge, the guarding, and the shield¬ 
ing were the same as those described in the paper. A rack similar 
to those shown in Pigs. 6 and 7 was used. The entire wire screen¬ 
ing, however, was fastened to frames which could be readily 
attached or removed from the rack. Also, further tests were 
made in which the active length of cable was shielded by winding 
varnished cambric aroxind it for insulation and then wrapping 
wire screening closely about the cambric. The tests were made 
at a room temperature, which was approximately 19 deg. cent. 
Particular care was taken to locate the test cable remotely from 
all high-voltage wires except the single wire which is necessary 
to carry the voltage to the cable. For some distance this wire 
'ran vertically upward away from the sheath. 

In Pig. 4, herewith, are shown the characteristic curves ob¬ 
tained with cable X, and in Pig. 5, herewith, are shown similar 
ctirviBS obtained with cable Y with these cables in the rack. 
(Check tests taken at other times gave substantially the same 
results shown in Pigs. 4 and 5.) The curves obtained with the 
wire screening wound around the cables agreed so closely with 
those shown in Figs. 4 and 5 that the small differences are scarcely 
perceptible. 

With Cable X (Pig. 4) shielding gives lower values of power and 
power factor below the ionization voltage and greater 
values above the ionization voltage. Shielding decreases the 
capacitance. With Cable Y (Pig. 5) the reversed effects are 
obtained with the power and power factor whereas shielding 
scarcely affects the capacitance. In every ease, however, the 
differences obtained with shielding and without shielding are 
small, and are much less than the changes which ordinarily occur 
due to physical and temperature changes in the cable between two 
consecutive tests. 

Hence, these tests would appear to indicate that if cables 
of appreciable length when being tested are remote from high- 
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voltage conductors and other sources of induced charge, shielding 
has little effect. 

In these tests, however, the low-voltage lead to the sheath 
had extremely low capacitance to ground, and the potential dif¬ 
ference between sheath and ground was only of the order of 3 or 



KILOVOLTS' 

Fia. 4 —Test Results of Cable X 
600,000-cir-mll conductor with 12/64-ln. lTiBiiin.<:tr»ii 

4 volts, corresponding to a low value of E 2 of Figs. 1 and 2 in the 
paper. If it should be necessary to employ Vn'gbp.r values of JS 2 
in order to obtain sufficient sensitivity, the voltage to ground 
would be increased. If, in addition, the capacitance of the lead 
to the sheath were high, it is possible that lack of shielding and 



Fia. 5—Test Results of Cable Y 
300,000-cir-mll conductor with 14/64-in. conductor 

accurate balancing might introduce considerable error. More¬ 
over, in view of the possibilities of induced charges occurring on 
cable sheaths, particularly where high-voltage sources are in the 
vicinity, as in cable-testing laboratories, I agree with the authors 
that shielding is always advisable, anyway. 

C. L. Dawes: Dr. Curtis in Part III of his paper states that 
the wave form across the guard ring should be the same as that 


across the guarded plate. However, if the wave forms do differ 
no error is introduced if a fundamental-tuned detector is used 
in balancing the potentials. Incidentally, as stated in our 
paper, corona and “static” discharges in the guard circuit do 
disturb the galvanometer when balancing but these effects may 
be overwhelmed by shunting the guard circuit with some invari¬ 
able type of condenser such as an air condenser or a glass 
condenser. 

It is very gratifying to learn that the results of the shielding 
tests made by Mr. Cirella are so nearly in accord with our own 
experience. In our earlier work the leads from the bridge arms 
to the air condenser and to the cable consisted of No. 14 A. W. G. 
rubber-covered wires having a lead sheath. Consequently 
there was considerable capacitance to ground. At that time we 
did not appreciate the quantitative effects of such shunted 
capacitance so that appreciable error was introduced into our 
measurements. In cable factories, however, it is frequently 
necessary to run such leads for considerable distance and the use 
of such lead-covered wire cannot weU be avoided. Mr. Cirella 
has shown that if the shielding is properly balanced, leads of this 
type may be used without introducing appreciable error. 

Mr. Cirella suggests that the discrepancy between the shielded 
and the unshielded curves in our Fig. 4 may be due to tempera¬ 
ture changes occurring between runs. Mr. Humphries devoted 
several weeks to the study of this effect and special care was taken 
to eliminate temperature effect. For example, a test was made 
first with and without shielding; this order was reversed day 
after day but the relation of the curves did not change. The 
apparatus was sufficiently sensitive to detect easily the differ¬ 
ences shown in Fig. 4. Hence these differences are not due to 
chance. Our conclusion now is that, although there were no 
high-voltage leads in the immediate vicinity of the test cable, 
there were other high-voltage conductors in the laboratory which 
may have influenced the cable sheath in such a manner as to have 
caused an apparent decrease in loss when the shielding was 
removed. The discussion of Mr. Thieman explains this matter 
further. 

It is very interesting to learn that Mr. Lamson has developed 
a new type of sensitive detector which may be used to advantage 
with our type of bridge. We will undoubtedly take advantage 
of his suggestion that we try his galvanometer with our bridge. 

Mr. Humphries’ mathematical analysis is a distinct addition 
to the paper in that it shows concisely the effect of each of the 
bridge members on the operation and precision of the bridge. 
In his equation (18) he shows that the capacitance of the shield¬ 
ing-circuit condenser Co is independent of frequency whereas 
it is stated in the paper that the value of this capacitance varies 
inversely as the square of the frequency. This apparent dis¬ 
crepancy is explained by the fact that in Mr. Humphries’equa- 
tions he assumes that the bridge members are invariable; that is, 
the cable is a fixed condenser in series with a fixed resistance. 
The statement in the paper is based on constant power factor. 
For example, in Fig. 3 shown by Mr. Humphries, the phase-dis¬ 


placement angle, a — tan“^ 


Ic m (j) 

Ib Ri 


With constant volt¬ 


age Ic is practically proportional to the frequency. Hence if a 
is fixed Co must vary inversely as the square of the frequency. 

In answer to Mr. Weller’s query as to our opinion of the 
accuracy of a shielded resistance potentiometer divider as com¬ 
pared with an air condenser, I am inclined to favor the air con¬ 
denser, particularly after Mr. Peterson’s presentation of the 
many sources of error that are encountered and the difficulties 
met in compensating for them. At this time it is quite certain 
that the phase angle of a well designed air condenser properly 
shielded is a minute or less. With a resistance divider and high 
voltage, considerable phase displacement may occur due to the 
mutual capacitance of the. resistance and particularly to the 
capacitance to ground. By shielding, this last effect may theo- 
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retically be reduced to a small value but the shielding is not simple 
and so far as I know there is no simple method of checking the 
efi&caoy of the shielding. About 12 years ago we experienced 
considerable difficulty in developing a satisfactory resistance 
potentiometer for only 13 kilovolts. Attempt was made to 
shield in two ways, by a sectionized shield, all sections of which 


were made to have the proper potential by means of suitable 
interposed resistances; and by a method not unlike that de¬ 
scribed by Mr. Peterson, where an inner glass tube of water 
was shielded by a concentric outer one. After considerable 
experimenting it was found advisable to abandon the resistance 
potentiometer in favor of the air condenser. 



Shielding in High-Frequency Measurements 

BY JOHN G. FERGUSON! 

Associate, A. I. E. E. 

Synopsis.—The 'purpose and, usefulness of shielding in high- tical applications of these principles to the shielding of adjustable 
frequency measurement are ouUined. General principles of electro- impedances, and in the constrilOtion of actual bridge circuits are 
static shielding are developed as applied to simple impedances and described. 

to 'networks of impedances, particularly to bridge networks. Prac- ***** 


Introduction 

HIELDING of high-frequency measurement ap¬ 
paratus has for its immediate object the control of 
certain electromagnetic and electrostatic couplings, 
unintentionally introduced in the usual high-frequency 
circuit. These couplings are represented by stray ad¬ 
mittances between the various parts of the system, 
either direct or to ground, and mutual impedances re¬ 
sulting from stray magnetic fields. In general, the con¬ 
trol of these couplings is exercised for the purpose of 
attaining an accuracy of test that cannot be obtained 
so readily in other ways. 

When we speak of electromagnetic and electrostatic 
coupling, it should be understood that these are simply 
component parts which together make up the total 
coupling which exists. They cannot be considered as 
existing independently of each other, and we cannot 
consider the shielding for one of these components with¬ 
out taking into consideration the effect on the other. 

However, for the frequencies and impedances or¬ 
dinarily used in communication work at least, this 
interdependence is small enough to allow us to consider 
the shielding problem for each type by itself, without 
getting into practical diflSculties due to this connection. 
As a result, two t 3 q)es of shielding which are known as 
electromagnetic, and electrostatic shielding have been 
developed. 

It may be argued that by extensive separation of the 
physical parts of circuits and apparatus, any couplings 
may be decreased in value, and in consequence errors 
caused by them can be reduced, thus eliminating any 
need for shielding. But there are obvious limits to the 
extent to which this method can be employed practi¬ 
cally. In the case of electrostatic coupling to ground, 
it is scarcely of any value, and in any case, excessive 
separation of the parts of a circuit introduces other 
errom due to the length of the wiring involved. Ac¬ 
cordingly, it is usually necessary, where the maximum 
accuracy is desired, to have recourse to shielding. 

The principles involved in the application of electro¬ 
magnetic and of electrostatic shielding are quite dif- 

1. Telephone Engineer, Bell Telephone Laboratories, New 
York, N. Y. 

Part 3 of a Symposium of six papers on Shielding in Electrical 
Measurements. 

Presented at the Summer Convention of the A. I. E. E., Swam'p- 
scott, Maes., June 21^28, 1929. 


ferent. In the case of electromagnetic shielding, the 
methods used have for their object the elimination of 
all couplings from the unit shielded to all other ap¬ 
paratus; thus, if perfect shielding were possible the 
unit would have no coupling to any other parts of the 
circuit. It is never possible to accomplish this in the 
case of electrostatic shielding. Any electrical apparatus 
will have electrostatic coupling to any other apparatus 
in the vicinity and particularly to ground. The addi- 
tidh of shielding always introduces additional electro¬ 
static coupling from the apparatus to the shield and the 
shield usually has more coupling to other equipment 
and to ground than the apparatus had before shielding 
it. Consequently, the principles of electrostatic shield¬ 
ing are mainly a matter of controlling this coupling in 
such a way that it has the least harmful effect in the 
circuit even at the expense of increasing its actual 
magmtude, rather than a matter of eliminating it en¬ 
tirely. For this reason electrostatic shielding requires 
much more extensive consideration and this paper is, 
therefore, devoted mainly to it, the principles of elec¬ 
tromagnetic shielding being covered only briefly. 

Principles op Electromagnetic Shielding 

The necessity for electromagnetic shielding is limited 
practically to wound apparatus such as coils and trans¬ 
formers. It may be reduced to a mimmu Tu by using 
high permeability core material wherever possible in 
coils and transformers, and by using some form of 
closed core such as the toroidal type. By these means 
stray fields may be reduced to a relatively low figure. 
However, there are cases where the remaining coupling 
may be objectionable and it is then necessary to use 
shielding to reduce still further the amount of these 
stray fields. 

Two types of shielding may be used. A high perme¬ 
ability material may be used for the purpose of short- 
circuiting the stray field. The principles of this 
method of shielding are described fully in another paper 
and will not be considered further here. 

In the case of air-core coils, which are often of the 
solenoidal type since the advantage of using the toroidal 
form is less in this case, and for coils used at very high 
frequency where heavy magnetic material is not so 
effective, shields of non-magnetic material may be used 
to confine the field by the effect of eddy currents. For 
these shields, a material of high conductivity is used, 
usually copper, and the principal consideration is the 
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spacing of the shield from the coil rather than the 
thickness of the shield itself. 

There is always a loss in efficiency due to the losses 
in the shield, and this loss is greater the closer the 
shield is placed to the coil; that is, the stronger the field 
in which the shield is placed. However, even with 
solenoidal air-core coils, very effective shielding may be 
attained by moderately thick copper shields, spaced 
about the distance of a diameter from the coil. 


Principles op Electrostatic Shielding 
In both theory and practise, all measurements assume 
that between different terminals or junction points of 
the system there are impedances having values known to 
a degree of definiteness consistent with the accuracies 
sought in the test. In an unshielded circuit, it will 
generally be the case that the elements connected by the 
various terminals or junction points will not provide 
impedances so definitely known, or, in other words, .will 
not carry all of the current flowing between the points 
in question. 
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Fia. 1 —^Methods of ShieiiDING Sbbibs Impedances 


Resistors. In the case of the simple resistor such as 
pictured schematically in Fig. 1a, there are admittances 
from different parts of the conductor to other parts of 
the whole system and in particular to ground These, 
of course, act to modify the effective impedance between 
the terminals and as they vary with the location of the 
resistor, the result is that its effective impedance is, 
variable and known only for the location in which it 
has been calibrated. One of the first objects to be ac¬ 
complished by shielding is to remedy this type of in¬ 
definiteness of value. This is done by mounting the 
elements within a shield of conducting material and in 
fixed space relation thereto, as shown in Fig. iB. Thus, 
the circuit element has direct admittances only to the 
shield and as these are of fixed value the terminal to 
terminal impedance becomes independent of the location 
of the shielded element. 

If, then, we connect the shield to any fixed point in 


the circuit element such as one terminal, all of the cur¬ 
rent transferred by the shield admittances passes to or 
from the circuit at this particular point. This concen¬ 
tration of admittance enables the ready evaluation of 
the effect produced by it when the element is used in 
conjunction with others in a complete measuring 
system. We may summarize all of this to form a fun¬ 
damental rule of shielding; viz., “the association of an 
element of a system with a shield so that all admittances 
from the element to other parts of the system or to 
ground are confined to one terminal.” 

If it is possible to connect such an element in a circuit 
so that the terminal to which the shield is connected is 
grounded, all variable admittances will be eliminated 
completely. 

Series Impedances. In the case of two impedances 
in series as shown in Fig. Ic, shielding maiy be accom¬ 
plished by connecting one shield to terminal A and the 
other shield to B. In addition to the effects described 
for a single impedance there will then be admittance 
between the two shields which will depend on the posi¬ 
tion of the apparatus. This admittance is slightly 
more objectionable than admittance from shield to 
ground, since while we may ground either A or B, there 
will always be an admittance from one shield to ground 
which will be variable. 

The shields may also be connected as shown in Fig. Id, 
in which case the admittance between shields appears 
across the first impedance. If now we extend the shield 
connected to A to include the other shield as shown in 
Fig. 1e, we have introduced a fixed admittance across 
A C and have variable admittances to ground from A. 
The admittance across A C is not objectionable in the 
case of a capacitor since it may be considered simply as 
an addition to it, but it has the effect of increasing the 
phase angle of a resistor, and in the case of an inductor, 
it increases the effective inductance and resistance 
variation with respect to frequency. 

If this combination of impedances can be grounded 
at A we have a complete system having no variable 
admittances. The principle may be extended to in¬ 
clude any number of series elements, the effect being to 
place admittances across all of the elements but one, and 
to enclose the whole system in one outer shield. Such 
a system for five elements in series is shown in Fig. Ip. 

Parallel Impedances. The shielding of parallel im¬ 
pedances is comparatively simple, since any number 
may be shielded individually and the shielding all con¬ 
nected to the same point. In reducing the shielding of 
multiple impedances to the simplest form the question 
arises whether it is sufficient to include them in a single 
shield or whether in addition they should be shielded 
from one another. If they are not shielded from one 
another there will be distributed admittances between 
them which may cause errors. Preferably each should 
be shielded individually. Fig. 2 shows such a shielding 
system for capacitors in parallel. 

By following the procedure outlined above, it is com- 
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paratively simple to apply shielding to any combination 
of impedances in series or in parallel in such a way that 
we will have all admittances to external conductors 
from the shielded elements concentrated at terminals 
or junction points of the system. 

Circuit Shielding. • In many cases it is impossible to 
connect the above combinations in a given circuit so 
that the outer shield is grounded. In such cases it is 
necessary to determine from the position of the net¬ 
work in the system the effect of admittances from the 
shield to other shields and to ground. To illustrate, let 
us take the simple bridge circuit shown in Fig. 3. The 
four impedances constituting the arms each may be 
considered as any combination of individual impe¬ 
dances. With the shields connected as shown, the total 
admittances are reduced to three; between B and D 
and from B and D to ground. These admittances do 
not affect the bridge balance and, therefore, are not 
objectionable. However, if we add input and output 
circuits and follow the same system of shielding, we get 
the result shown in Fig. 4. In this case it is impos¬ 
sible to concentrate all of the admittances at B and D. 
Neglecting for the present the groimd at D, we have 
added variable admittances from A to B, to D and to 
ground. The only way of overcoming this difficulty is 









B 


Fig. 2 —^Method of Shielding Par all el Impedances 

to use double shielding as shown, adding an outer 
shield to the impedance across A C and connecting it to 
D. This puts a fixed admittance across A D, but as we 
have not made any distinction between the four arms 
of the bridge, this admittance may generally be placed 
across an ann where it can be taken care of satisfac¬ 
torily. If in addition we ground D, the admittances 
reduce to a single one from B to ground. 

Admittance to Ground of Unknown Impedance. From 
the above it would appear that the general bridge cir¬ 
cuit is susceptible of a simple complete solution, since 
the shielding shown in Fig. 4 is equally apphcable to all 
cases. This would be true if the unknown impedance 
to be measured in the circuit had no admittance to 
ground. This is usually not the case. We generally 
have an additional requirement, that the potential con¬ 
dition with respect to ground of the impedance during 
the measurement be defined in some way. 

If the impedance can be connected across one arm 
of the bridge and its value is desired with one terminal 
grounded, the circuit shown is satisfactory. However, 
these are special conditions, and where the impedance 
to be measured forms only part of the total series im¬ 
pedance of an arm, or where the potential requirements 
'6 different, such as the requirement that the coil be 


measured with its terminals at equal potential to 
ground, the bridge shielding becomes a more serious 
problem. 

In general, the question of selecting the most suitable 
system of electrostatic shielding for a specific test cir¬ 
cuit, resolves itself into a determination of the most 
advantageous location of the admittances which, as 


8 



Fig. 3—^Bridge Network Using Shielded Impedances 

described above, have been arranged to terminate at 
certain terminals or junction points. The facts which 
need to be taken into consideration are usually so 
varied that no general rules can be established. A few 
tjTpical examples in which shielding is applied with con¬ 
siderable success will, therefore, be taken and the selec¬ 
tion of suitable shielding for these circuits discussed. 

Examples op Electrostatic Shielding 
Adjustable Resistor. An adjustable resistor usually 
takes the form of a dial box in which there are from one 
to six dials arranged in series in decade formation. 
Each decade considered by itself is no more difficult to 
shield than a single resistor. The admittance of the 
shield, however, has a different effect at each step which 


B 



Fig. 4—Completely Shielded Bridge Network 

nieans that the phase angle varies with the setting of the 
dial. If the admittance to the shield is small, this 
effect will not be very great and in any case it is always 
the same for a given setting and hence may be included 
in a calibration. 

In shielding several decades in series, admittances 
between decades are introduced. Effects due to these 
admittances can be taken care of completely by the use 
of nested shields as already shown in Fig. Ip. For 
a resistance box of five or six dials, this type of shielding 
bedbmes prohibitive from a size and cost standpoint 
and in consequence such shielding is usually not at- 
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tempted. The use of a single shield for all decades of a 
resistor means that the impedance of two or more dial 
settings is not exactly equal to the sum of the im¬ 
pedances of each setting by itself. If the difference is 
appreciable the only alternative to the expensive type 
of shielding mentioned above is the use of a calibrated 
value for every combination of dial settings. This 
error in additions is smaller the lower the resistance, and 
Usually may be neglected for values below 100 ohms. 



Fig. 5 —Six-Dial Shielded Adjustable Resistor 

The decades are ordinarily connected in series in 
ascending order of magnitude. The shield should 
always be connected to the low end, that is, to the 
terminal to which the decade of smallest value is con¬ 
nected. The reason for this may be explained as 
follows: the admittance from any decade to the 
shield is a function of the dimensions of the dial 
switch rather than of the resistance value. Conse¬ 
quently, all dials have approximately equal admittance 
to ground. It is desirable that the total admittance to 
ground be a minimum across the higher resistance 
settings. This requires that the low resistance dials be 
connected between the high dials and the shield; that is, 
the shield should be connected to the low end of the 
Toox. 

In the actual construction of such a resistor it is 
essential that the shielding be complete, particularly at 
the dials. Since the effect of the hands in operating the 
dials is more variable than any other coupling, it is of 
very little value to place an unshielded dial box in a 
rnetal shield which allows admittance from the hand of 
the operator to the circuit. 

An example of a six-dial resistor in a complete single 
shield is shown in Fig. 5. The box itself and the panel 
are of metal and the construction of the dials is such that 
there is a continuous metal shield between each dial 
liead and the switch proper which it controls. 

As stated previously, the effect of the shield on the 
performance of the resistor is to increase the phase angle 
of the higher resistance values. In the case shown the 


admittance introduced by the shielding is of about the 
same value as the total admittance distributed in the 
coils themselves and from the coils to the switch parts. 

Adjustable Inductor. The same considerations apply 
to an inductor as to a resistor except that on account of 
the larger physical size of the former, larger admittances 
are associated with it and for that reason it is usually 
necessary to use nested shields. Fig. 6 shows a stand¬ 
ard inductor consisting of three decades and an induc- 
tometer using four shields. The three top panels have 
been removed, showing the method of nesting the 
shields, and the construction used to bring the dial con¬ 
trols through the shields. The shielding of this unit 
is not complete in that the fourth shield (the outer one) 
does not extend over the top. This is allowable as the 
admittance from the third shield to ground is across the 
inductometer and any variation in it has little effect, 
particularly as the final balance is obtained with the 
inductometer, thus eliminating variations due to the 
hands of the operator, which occur in operating the other 
dials. 

The admittance between shields is considerable, but 
due to the method of construction, the largest admit¬ 
tance is across the smallest inductance and there is no 
intershield admittance added across the highest decade. 
Accordingly, the effect is not so serious as might be 
thought at first glance. 

In the case shown, the inductometer and the lowest 
decade are generally used only in combination with the 
higher dials, and under these conditions they are not 
used at sufficiently high frequencies for the admittance 
shunting them to have much effect. The greatest 
effect of the admittance introduced by the shielding 
usually occurs when the second highest dial is used at a 



Fig. 6—Three-Dial Shielded Adjustable Inductor 


high frequency with the high dial, set on zero. How¬ 
ever, the admittance introduced across this decade is 
not appreciably larger than the distributed admittance 
across the coils. The shielding, therefore, does not 
limit the range of these inductance standards to any 
great extent. 

Adjustable Capacitor. The units of an adjustable 
capacitor are practically always connected in parallel 
and the problem of shielding them is that of shielding a 








1290 


FERGUSON: SHIELDING IN HIGH-FREQUENCY MEASUREMENTS Transactions A. I. E. E. 


single capacitor. It is desirable to shield the decades 
from each other if the capacitances are small as this 
facilitates calibration and is easily effected. Where the 
capacitance is large—say over 10,000 ju ju fthis precau¬ 
tion is unnecessary. The capacitance introduced from 
the shield to the units has the effect of increasing slightly 
the value of each dial setting. The form of construction 
of the shielding^is similar to that of the resistor shown 
in Fig, 5. 



Fig. 7—Shielded Resonance Bkidqe Nbtwobk 

Bridge Circuits. The general principles of bridge 
shielding have been discussed by Campbell® and the 
equal ratio-arm comparison bridge has been discussed 
in detail by Shackelton.^ The mechanical construction 
of the bridge itself exclusive of standards is simplified 
by the fact that there are comparatively few dials to be 
brought through the shielding. 

This bridge with the standards described above may 
be used for a wide variety of measurements. A rather 
simple modification is the so-called resonance bridge, in 
which the bridge unit is an equal ratio-arm comparison 



Fig. 8—Shielded Resonance Unit, Top Panel Removes 

type, and a resistance is balanced in one impedance 
arm against a capadiance and an inductance connected 
in series in the other impedance arm. The balance is 
usually effected by adjusting the resistance and ca- 
padtance. 

The shielded circuit of such a bridge is shown in Fig. 7. 

3. G. A. Campbell, “The Shielded Balance,” Electrical 
World and Engineer, April 2,1904, p. 647. 

4. W. J. Shackelton, A Shielded A-C. Inductance Bridge, 
A. I. E. E. Jovbnal, Feb. 1927. 


The capadtance from C to D introduced by the shield¬ 
ing may be compensated for in the usual way by the 
addition of an equal capacitance across A D. In this 
drcuit, the coil is usually measured under the condition 
of one terminal at ground potential. Thus, D is shown 
strapped to the ground shield. For this case, the shield¬ 
ing may be simplified considerably. Fig. 8 shows the 
mechanical construction of the combined resistance 
and capacitance standard used with the bridge unit for 
these measurements. The unit is shown with the top 
of the outer shield removed. The capacitance, in ac¬ 
cordance with the shielding diagram, is double shielded, 
while the resistance requires only a ground shield. 

Another bridge of the comparison type but using 
capacitance ratio arms is described by Kupfmuller®, 
including a complete description of the shielding 
involved. 

A bridge of the general comparison type having self 
contained standards of resistance and capacitance is 
shown with top panel removed in Fig. 9. It may be 



Fig. 9— Shielded Compabison Type Bbidgb, Top Panel 

Removed 

used for a wide variety of measurements such as series 
or shunt resonance, and direct comparison, by using the 
switches controlled by the small dials on the extreme 
left and right to throw the standards into various 
combinations. 

Another bridge circuit which is interesting from the 
shielding point of view is the Owen bridge.® This is a 
skew bridge in which the ratio arms are 90 deg. out of 
phase instead of being equal. For this reason any ad¬ 
mittance introduced in one arm by the shielding can¬ 
not be compensated for by any equal admittance in 
another arm. Two methods of taking care of this ad¬ 
mittance may be used. It may be concentrated in the 
arm consisting of a capacitance and considered part of 
it, or an admittance across one impedance arm may be 
compensated for by a resistance across the other impe¬ 
dance arm. Both methods have been used in the construc- 

5. VoH K. Kupfmuller, “Uber eine Teohnische Hoehfrequenz 
Messbruoke,” Elek. Nock. Tech., September, 1925, pp. 263-270. 

6 . D. Owen, “A Bridge for the Measurement of Self Induc¬ 
tance,” Proc. Phys. Soc. London, October, 1914. 
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tion of these bridges. A more detailed discussion of the 
shielding involved in this type of bridge is contained in a 
previous paper by the present author.^ 

Details of ConstriLCtion So far, we have discussed the 
admittance introduced by the shielding without going 
into details as to the form which this admittance takes, 
although it has been broadly assumed that it is princi¬ 
pally due to capacitance. Since it generally forms an 
integral part of the measuring circuit, it is obvious that 
as much consideration should be given to it as to the 
rest of the circuit. While the admittance is due essen¬ 
tially to capacitance, the necessary supports introduce 
a certain amount of conductance which causes some 
difl&culty in obtaining compensation. 

For instance, in the typical equal ratio-arm bridge 
circuit where the admittance across one arm requires 
compensation in the other arm, it is a simple matter to 
use an adjustable condenser for the compensation of 
capacitance. However, if the conductance is left 
uncompensated it may cause considerable error, par¬ 
ticularly in the measurement of high impedances at 
high frequencies. For this reason, it is desirable that all 
shields be supported by insulating material of the 
highest quality such as hard rubber, glass, or quartz and 
that only the minimum amount necessary for satis¬ 
factory mechanical support be used. 

It will be noticed in Fig. 9 that the wiring is shielded 
by brass tubing. This shielding is insulated from the 
conductor by means of bushings, only enough being 
used to insure that the conductor and shield do not 
change their relative positions with respect to each 
other. The insulating bushings used most generally 
are either hard rubber or glass beads. 

Even after taking these precautions, it has been found 
necessary for the highest precision work at the highest 
frequencies, to introduce a conductance compensator in 
the form of a small adjustable condenser in which the 
dielectric is an insulating material such as phenol fiber. 
By this means the amount of conductance in one arm 
may be varied to obtain correct compensation. The 
balance, once obtained, does not vary appreciably with 
frequency. Such an adjustment is used with the bridge 
shown in Fig. 9. 

In bridge input and output transformers, which must 
generally be double shielded, the shielding is rendered 
more difficult due to the requirement of a low conduc¬ 
tance between shields. This demands a much more 
expensive construction than the simple requirement of 
complete electrostatic shielding. 

Limitations of Shielding. Having discussed the uses 
and advantages of shielding, it may not be amiss to dis¬ 
cuss briefly some of the limitations. As already 
brought out the introduction of shielding always brings 
with it some additional admittance. Since this admit¬ 
tance is a function of frequency it is natural that 

7. J. G. Ferguson, “Measurement of Inductance by the 
Shielded Owen Bridge,” BeU Sys. Tech. M., July, 1927, pp. 375- 
386. 


shielding should introduce more trouble, the higher the 
frequency. However, it is also equally true that the 
stray admittances, due to lack of shielding, introduce 
more trouble as the frequency is increased. 

In general, it may be said that if shielding a circuit is 
found to have a definite advantage at moderately 
high frequencies, it will have an advantage up to the 
maximum frequency at which the circuit is used. The 
principles outlined already apply over the whole range 
of communication frequencies. Where shielding is 
found to result in frequency limitations it is due to the 
added admittance introduced with it and not due to 
inherent defects in the principles involved. 

The shielding may, in special cases, limit the maxi¬ 
mum frequency at which the circuit will operate; but 
in such cases it can usually be taken for granted that 
even if the circuit would operate at higher frequencies 
without shielding, the accuracy o: the results would be 
highly questionable. Examples of limitations of shield¬ 
ing may be given using the apparatus already described. 
Take the case of the resistor shown in Fig. 5. The ad¬ 
mittance across the resistances results in objectionably 
high phase angles and an effective change in the re¬ 
sistances at very high frequencies. While this effect 
would be present even though no shielding were used, 
the shielding increases it and therefore limits the maxi¬ 
mum frequency at which the apparatus can be used 
from the standpoint of this type of error. The same 
limitation occurs in the case of the inductance stand¬ 
ards, only it is more serious due to the large physical 
size of these standards. The exact type of limitation 
here is that the individual units increase in inductance 
due to the admittance across them to such an extent 
that the difference between them cannot be bridged by 
the next lower decade, thus rendering it impossible to 
obtain certain values of inductance by any dial com¬ 
bination. 

In the case of a symmetrical bridge, the principal 
limitation is the shunting effect of the admittance intro¬ 
duced across the impedance arms. This becomes so 
large that at frequencies in the order of 100 kilocycles 
difficulties are encountered in measuring the current 
through the unknown impedances by the. method of 
measuring the total current input to the bridge. If the 
meter question is eliminated, the actual loss in sensitiv¬ 
ity, which is the only other objectionable feature of this 
admittance, may be made of no serious consequence up 
to frequencies as high as 2000 kilocycles. In all other 
respects, the shielding functions as satisfactorily at this 
frequency as at the lower frequencies. 

Auxiliary Equipment. While auxiliary apparatus 
such as oscillators and detectors is not strictly speaking 
measuring apparatus, its operation is essential to the 
satisfactory operation of the measuring circuit and so a 
few words may be added regarding the shielding of this 
apparatus. 

Provided they are separated sufficiently from the 
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measuring circuit and from each other, there is no need 
to shield the oscillator or detector from the standpoint 
of operation of the measuring circuit. However, for 
maximum flexibility, it is desirable that they be so con¬ 
structed that no special precautions are necessary in 
placing them relative to the measuring circuit. If, as is 
usually done, the individual apparatus included in these 
circuits is adequately shielded it is only necessary to 
place the completed equipment in an electrostatic 
shield to avoid all coupling to the measuring circuit or 
from one to the other. This is usually done by mount¬ 
ing the apparatus on a metal panel and placing it in a 
wood box with a sheet metal lining. By this means it is 
possible to place the auxiliary apparatus as close to the 
measuring circuit as desired, without introducing errors. 

So far as the internal shielding of the auxiliary ap¬ 
paratus is concerned, the same rules as described for 
other apparatus hold. However, in the case of vacuum 
tube equipment, wherever any gain is introduced, coup¬ 
ling between parts of the circuit must be reduced in pro¬ 
portion to the gam introduced between these parts. 
This is usually accomplished quite readily by suitable 
mechanical design and may be insured by placing each 
stage in a separate grounded shield, although this is 
seldom necessary. 

Conclusion 

It has been impossible to go into very great detail 
in this brief paper on the subject of shielding. The at¬ 
tempt has been made, therefore, to outline a few general • 
rules and to give representative examples of typical 
measuring circuits. It will be noted that the examples 
have been limited largely to the bridge circuit. This is 
because our experience has shown that this circuit is the 
most flexible and accurate over the whole of the fre¬ 
quency range over which precise impedance measure¬ 
ments have been made, and because the problems of 
shielding it are sufficiently difficult and varied to give 
satisfactory examples of the solution of rather com¬ 
plicated problems. ,The principles of shielding given 
have been found to apply equally well at all frequen¬ 
cies and it has been found that up to the maximum 
frequency at which precision measurements have been 
made, the shielding methods developed for use with 
moderatefrequenciesrequire practically no modification 
as the frequency is increased. Experience with mea¬ 
surements and measuring circuits up to 2000 kilocycles, 
makes it appear probable that when precision measure¬ 
ments are made at still higher frequencies, the shielded 
bridge circuit will continue to remain the most satis¬ 
factory measuring circuit. 


Discussion 

P. S. Bauer: In the ordinary network theory which we use 
in working out our bridge equations our fundamental assump¬ 
tion is that, in a series connection between any two points (con¬ 
jugate or not) the current which flows is a function of time alone 
and not of position. We then define the electromotive-force 


between those two points, neglecting mutual induction, as: 

di 1 r 

E = L — “1“ E i "t* —~— I i d t 
dt 

This implies the concept of lumped inductances, capacitances, 
and resistances. 

If a bridge is to be used at frequencies of 2000 kilocycles, these 
lumped constants are non-existent with any degree of approxi¬ 
mation. Consequently, it seems to me that it is meaningless 
to talk of either standards of these quantities at these high fre¬ 
quencies or to attempt to measure them by the application of our 
conventional definitions of these circuit parameters. 

C. L. Dawes: I have one or two questions to ask Mr. Ferguson 
concerning the shielding methods which he describes. In his 
diagrams he shows shunted admittances from the resistances to 
ground. Obviously these admittances introduce errors both in 
the value of the resistances and in the current flowing through 
them. At low frequencies these errors may be negligible but 
at the higher frequencies they may be considerable. In develop¬ 
ing bridges for high-voltage dielectric measurements we have 
found that such shunted admittances did not produce appreciable 
errors in capacitance measurements but even at 60 cycles they 
did introduce extremely large errors in the power and power- 
factor measurements. May I ask Mr. Ferguson the approxi¬ 
mate magnitude of the errors which these admittances produce 
and to what frequencies it is possible to go before these admit¬ 
tances cause errors which are prohibitive. 

J. G. Ferguson: Mr.Bauer made an interesting observation 
about the difficulty of separating electrostatic from electromag¬ 
netic effects. When we get down to practical measurements the 
first thing we find is that there are no such things as pure capaci¬ 
tances, pure resistances, or pure inductances, but that we have 
to make use of what we can get. The practical difficulty in 
shielding is that it is not corrrect theoretically to consider elec¬ 
trostatic shielding separately from electromagnetic shielding. 
It is possible to do this only where the conditions are defined to 
some extent. 

I mentioned particularly that in this work, with the impe¬ 
dances we ordinarily use, electrostatic effects may be considered 
more or less separate from electromagnetic effects. However, 
as we go up in frequency the electromagnetic effects become more 
noticeable, and I might say as a practical instance that the 
bridge shown on Fig. 9, designed to go to about 3,000,000 cycles, 
requires that much consideration be given to electromagnetic 
effects as well as to electrostatic effects. Generally speaking we 
get into trouble when the current flowing in the electrostatic 
shield is sufficient to cause magnetic effects. This is definitely 
true in this bridge, and the only way that it can be taken care 
of is by using very great care to get a symmetrical arrangement 
and to keep the wiring in which the current from the shields 
flows, as short as possible. 

Professor Dawes asked about the magnitude of the effeet 
caused by the admittances across shielded resistors. This 
effect is a function of so many things that perhaps no general 
answer can be given. The dial box in Fig. 5, is practically a 
standard box except for the fact that it is shielded. The resis¬ 
tance goes up to a total of 10,000 ohms. The capacitance across 
each dial in this case is roughly 10 jU jU f., and the shielding adds 
about another 10. In other words the shielding reduces the 
maximum frequency to about half what it would be without 
shielding, for the same error in the impedance. 

As far as the phase angle is concerned, the coils may be wound 
sufficiently inductive to compensate for the capacitance intro¬ 
duced by the shield. However, as we go up in frequency we get 
an error in the impedance which cannot be eliminated except by 
changing the method of construction. 

It may be of interest to mention that in this box, having a 
capacitance of 10 /i /i f. without the shield, and an extra 10 with 
the shield, the error in the impedance of the 10,0(K)-ohm setting 
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is about 0.5 per cent at 100 kilocycles and would be about 0.25 
per cent if unshielded. As we decrease the resistance the error 
becomes less. If we increase the frequency above 100 kilo¬ 
cycles of course the error increases. However, there is a 
certain compensation there, since it is usually the case 


that the higher the frequency, the lower the impedance used. 

The bridge shown in Fig. 9 has resistances that go to a maxi¬ 
mum of 1000 ohms. This allows us to go up to a much higher 
frequency with no greater error than in the box shown in Fig. 5, 
where the maximum resistance is 10,000 ohms. 



Guarding and Shielding for Dielectric Loss 

Measurement ons Short Lengths of High-Tension Power Gable 

BY E. H SALTER' 

Associate, A. I. E. E. 


Synopsis*—This paper presents the results of investigations 
made to explain the wide differences found between dielectric loss 
measurements made on full reel lengths of cable and on samples 
(lOrft. net length) removed from these reels. At least one source of 
such differences is found in losses occurring at the end of the cablCy 


these losses being insignificant in the case of the full reel but amount^ 
ing to as much as 100 per cent of the loss in the normal sample. 
Methods of determining, controlling, and eliminating these end 
losses are described. 


Introduction 

ITH the advent of low loss insulations it has 
become necessary to make measurements of 
dielectric loss and power factor of power cables 
with greater accuracy and refinement. Since a large 
proportion of the measurements of this nature are made 
on comparatively short lengths of cable (10 ft. net length 
under sheath), the question has often been raised as to 
what influence the end conditions in these specimens 
might have on the results obtained. 

General 

At the Regional Meeting held in Pittsfield, Mass., 
May 25-28, 1927, Mr. C. L. Kasson presented a paper 
entitled HighrVoltage MeasuremerUs on Cables and 
Insulators, in which he pointed out that in me^ure- 
ments with high continuous potentials and high single¬ 
phase alternating potentials very large errors might 
occur due to corona formation at the cable ends and 
on the lead wires. He showed how by complete electro¬ 
static shielding and guarding of the sample under test 
and the instrument circuit these losses might be elim¬ 
inated from the .measurements. 

Such, shields and guards have been in use for some 
years past in laboratories making dielectric loss and 
power-factor measurements on short lengths of cable, 
where to accomplish this end it has been the practise 
to use the tank of the supply transformer as a shield for 
the transformer, to use lead-covered power cable for 
high-voltage leads wherever practicable, to screen the 
cable sample (and the air condenser, when used) and 
to use shields on all leads to the measuring instruments, 
these shields often surrounding the instruments 
as well. The proper use of such precautions eliminates 
practically all effects due to direct leakage (conductance 
leakage) and to capacitance connections between high- 
and low-voltage circuits. All of the above mentioned 
have to do chiefly with the equipment for making 
dielectric loss measurements. It is the purpose of this 
paper to discuss certain conditions relative to the 

*Part fottr of a Symposium of six papers on Shielding in 
Eleotrioal Measurements. 

1, Engineer, Cable Research, Electrical Testing Laboratories, 
New York, N. Y. 

Presented at the Summer Convention of the A, I. E. E., Swamp- 
scott. Mass., Junto 19B9. 


samples as such which have been found to play a large 
part in the results obtained in these measurements. 

In test work, power cables fall into two general classi¬ 
fications, i. e., single-conductor cable and multi-con¬ 
ductor cable. For power service most multi-conductor 
cable is three-conductor. There are then two general 
types of three-conductor cable, according to construc¬ 
tion, i. e., the belted type and the shielded conductor 
type. Each of these three groups represents a slightly 
different problem in preparation for test. They will 
be dealt with here in the order named. 

Guarding the Single-Conductor Test Specimen 
Until recently the accepted scheme of guarding a 
single-conductor test specimen was as shown in Fig. 1. 



Pig. 1—^Preparation op Cable Ends for Single-Phase 
DibIjEctbio Loss Measurements 

The guard consisted of a narrow hand of foil, or wire, 
fastened over the insulation just above the end of the 
lead sheath. The purpose of such a guard is of course, 
first, to collect any direct surface leakage over the cable 
end, and second, to provide a terminus other than the 
lead sheath for the fringing electrostatic field at the 
cable end. There is little doubt that such a guard 
serves these purposes admirably. 

However, there has been noted at times a tendency 
for tests on these short lengths of single-conductor 
cable to yield results much higher than that obtained 
on the reel length from which the specimens were 
removed, higher than could be explained by any reason¬ 
able lack of uniformity. The first indication of the 
possible cause of such high results was found in a cable 
which was removed from test after showing abnormally 
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high power factor and ionization factor. In an effort 
to locate the exact cause of the high values obtained, 
the lead sheath of this sample was slotted at 1-ft. 
intervals throughout its length, as shown in Fig. 2. 
Power factor and ionization factor determinations 
were then made on these individual sections. The 
result was that the high values obtained on the sample 
were definitely shown to be due to the extremely high 
power factor and high ionization factor of the end 
sections. To determine if this was a general condition. 



Fig. 2—Distribution of Sections fob Power-Factor 
Survey Along Normal Sample 


a similar survey was made on a number of test samples 
with the same general result. The results obtained 
from a typical survey of this nature are shown graphi¬ 
cally in Fig. 3, where each block represents the results 
of the tests on one 12-in. section. In each case, the 


sample b^ore heating gave the results shown in B^g. 4. 
As the cable was heated it was found that the ionization 
factor of the end sections increased while that of the 
inner sections decreased, until at 98 deg. cent, the 
conditions were as shown in Fig. 5. Then as the cable 
was again cooled the ionization factor of the end sections 
remained high, while the inner sections returned to 
approximately the original condition before heating. 



Fig. 4—Single-Phase Dielectric Loss Measurements 
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3—Single-Phase Dielectric Loss Measurements 
P ower-factor variation along length of cable 

top of the block is the power factor at 100 volts per 
mil thickness of insulation while the bottom of the 
block is the power factor at 20 volts per mil. The 
height of the block is then the ionization factor. 

These findings raised the question as to whether this 
condition existed before the heating cycle incident to 
the normal dielectric loss test. To answer this question 
a sample was prepared with the slotted sheath as s 
in Fig 2, but with each slot filled with insulation and 
sealed against loss of compound. A survey o is 


Power-factor variation along length of cable 
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5_Single-Phase Dielectric Loss Measurements 

Poweivfactor variation along length of cable 

The final condition after cooling is shown in 6- 
These findings have since been confirmed by similar 

tests on other specimens. 

It will be noted in exammmg Figs. 3,4,5, and 6 that 
the 1-ft. sections at the ends of the specimens are for 
the most part the only ones showing any considerable 
change in power factor. In these end sections, the 
impregnating componnd is to a certain extent open to 
the air so that the increases found are hkely due to air 
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absorption with possible oxidation of the compound 
while at the higher test temperatures. 

The method of eliminating these end losses from 
measurements on a length of cable is almost self-evident 
in an examination of the results shown, i. e., eliminate 
these 1-ft. sections at the ends from the test circuit by 
making them a part of the guard or shield circuits. 



PiQ. 6—SiNaiiE-PHASB Dielbctbic Loss Measurements 
P oweivfactor Toriation along length of cable 

This, then, means that in preparing such a sample for 
dielectric loss tests circumferential slots are cut through 
the lead sheath at least 12 in. from each end. These 
slots are filled with insulation and sealed against loss 



Pig. 7— A. Method fob Testing Crotch Losses 

of oil when the cable is heated. The central section of 
lead sheath then forms the test electrode while the 
isolated sections at the ends are used as guards. 

Guarding the Belted Three-Conductor Test 

Specimen 

Dielectric loss tests may be made on three-conductor 
cable with either three-phase potential, obtaining the 
loss directly, or with single-phase potential, computing 
the loss from the results of a series of tests. While the 
tests described below were all made with three-phase 


potential it is felt that the findings are equally applicable 
to tests made with single-phase potential. 

The measurement of dielectric loss under three-phase 
potential is usually by means of the wattmeter using 
the three wattmeter method of measuring power in a 
four-wire three-phase circuit with the current coil of the 
wattmeter inserted between the ground or neutral 



Pig. 8—^A Method for Testing Crotch Losses 



Fig. 9—A Method for Testing Crotch Losses 



10—^A Method for Testing Crotch Losses 

of the Y-connected system of transformers and the 
ground end of the transformer in the particular phase 
in which measurement is to be made. This means that 
any currents reaching ground return through the watt¬ 
meter. Hence, guard and shield circuits for each phase 
must be connected back to the ground end of the 
transformer in that particular phase if the currents to 
the guards are not to pass through the instrument. In 
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Other words, three independent systems of guards and (if two guard systems become connected the current coil 
shields must be used, one for each phase. of the wattmeter is shunted in those two phases). The 

This condition means that all shielding and guarding presence or absence of such guards seemed to have 
must be complete and must be phase-for-phase. It little effect on the resulting loss measured. 


has therefore been the practise in making such mea¬ 
surements to use three single-phase supply transformers 
each mounted on insulators, each transformer com¬ 
pletely shielded with wire netting and all high-voltage 
connections made with single-conductor lead-covered 



Fig. 11—Shape op Tin-Plate Shields 


cable with the lead sheath of each lead connected to the 
shield system for that particular phase. The specimen 
of cable under test is then arranged so that the ends of 
its conductors come very close to the ends of the lead 
cables, thus making the actual connectors not more 
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12—^Variations op Power Factor with Voltage 

than one inch in length. These connectors are then 
wrapped with black varnished cambric tape to make a 
smooth tight joint. 

In making dielectric loss measurements on samples of 
belted three-conductor cable it was the practise to 
make the joints as described above and to apply tin- 
foil guards as shown in Fig. 7. The samples of cab e 
were prepared in such a way that the belt insul^ion 
extended beyond the lead sheath about one inch. 
this point the conductors were spread apart and the 
guards placed high enough on the individual conductors 

sothattherewaslittledangerofconnectionbetweenthem 



13_Variation op Measured Three-Phase Power 

Factor with Net Length op Sample 

It is evident, however, that this scheme guards only 
against extraneous currents over the conductor insula¬ 
tion to the sheath and does not eliminate any of the 
currents which might flow through the capacitance 
between the various “exposed” conductors. This error 
has become increasingly significant, particularly in the 
case of the higher voltage cables where ionization of the 
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Fig. 14—Variation op Power Factor with Voltage 

air in the crotch of the cable gives visible signs of the 
loss in the form of corona. 

In order to determine the magmtude of these end 
losses and to find the most effective method of preparing 
the ends of these samples in order to render these end 
losses negligible, a series of samples was prepared and 
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tested under each, of the following conditions. The 
starting point was the normal sample prepared as 
described above and shown in Fig. 7. This guard 
system was then augmented by completely covering the 
cambric-wrapped joints over the connections to the 
test leads with tin-foil, thus completing the guarding 
from transformer to the old band guard (Fig. 8). 
After a set of measurements the belt insulation was cut 
back even wdth the end of the sheath and these guards 



Fia. 16—^A Method fob Testing Cbotch Losses 

extended well down into the crotch (Fig. 9). Finally, 
all of these additional guards were removed with the 
exception of the four inches of guard well down in the 
crotch of the ends (Fig. 10). In order to get the guards 
well down into the crotch and yet keep them insulated, 
tin-plate cut as shown in Fig. 11 was formed around the 
conductors, covered with a layer of thin varnished 



Fia. 16— A Method fob Testing Cbotch Losses 

cambric, and driven dowm into the crotch. The results 
of a typical set of these tests are shown in Fig. 12. 

A guarding scheme which eliminates end losses should 
give comparable results in measurements made on 
long and short lengths of cable. Accordingly, tests 
were made in which measurements were taken on 25-ft. 
lengths of cable and on the various sections as these 
lengths were reduced in 5-ft. decrements. This entire 
series of tests was made using the guarding scheme 
shown in Fig. 10, namely, guards about 4 in. long 
placed well down in the crotch and insulated from each 
other. Fig. 13 shows the results of a typical test of this 
kind. 


In addition to the loss in the ends due to the tendency 
for corona formation between conductors in the three- 
conductor cable there is likely also an inherent loss of 
the type found in the single-conductor cable. At this 
time it does not appear possible to determine nor to 
eliminate this end condition from dielectric loss tests 
of three-conductor cables. 

Guarding the Shielded Three-Conductor Test 

Specimen 

The problem of guarding the ends of the short speci¬ 
men of shielded three-conductor cable is much the same 
as that of guarding the ends of the belted three- 
conductor cable. In both cases the problem is to 
prevent corona formation in the crotch and to reduce 
the loss between conductors. The studies of end 
conditions in the shielded conductor cable followed 
much the same lines as the studies of the belted cable. 
Due to the type of construction the crotch losses are 
much more readily controlled, however. 

The results of a series of tests made on one of a 



Fig. 17—A Method fob Testing Cbotch Losses 

number of samples of shielded conductor cable tested 
are shown in, Mg. 14. The end conditions for these 
various tests are illustrated in Figs. 15,16, and 17. Fig. 
15 shows the old method of guarding, in which only a 
band was put around each conductor while the metal- 
foil of the cable was cut off in the crotch. The com¬ 
pletely guarded end is shown in Fig. 16, while Fig. 17 
shows the final arrangement in which the metal-foil 
of the cable is cut off well above the crotch and the band 
guard placed just above. This arrangement was found 
to be practically as good as the complete guarding and 
much easier to accomplish. 

Conclusions 

The investigations of end losses in dielectric loss 
tests of short specimens of high-tension power cable 
appear to indicate that the most satisfactory methods 
of T niniTuiting these end effects are to be found in the 
following methods of preparing the test ends. 

i. Single-conductor cable is most effectively guarded 
against end losses by isolating about 12 in. of cable at 
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each end of the specimen for use as guards. When 
m a k ing temperature runs, the slots in the lead sheath 
incident to this preparation must be filled with insula¬ 
tion and sealed against oil leakage. The best slot 
width is approximately H narrower slots being 
difficult to maintain and wider slots affecting the loss 
measurements due to the fringing field from the slot 
edges. 

2. Three-conductor, belted type, cable is practically 
free from corona loss in the ends if the samples are 
prepared with the belt insulation cut off even with the 
sheath end and guards four to six inches long ^e 
placed well down in the crotch. For most effective 
placing of the guards it is advisable to make them of 
tin-plate or some similar stiff material which can be 
driven down into the crotch. A thin layer of varnished 
cambric placed over the guards before inserting serves 
to insulate them one from the other. 

3. The simplest scheme of preventing crotch losses 
in the shielded three-conductor cable is to leave the 
metal-foil on the individual conductors beyond the 
crotch space, a matter of four to six inches. Narrow 
band guards placed above the ends of the metal-foil 
then take care of surface leakage. 


Discussion 

E. W. Davist We are interested to see that Mr. Salter’s 
experience with the crotch losses of three-conductor cable is in 
complete agreement with our experience. Data taken in our 
laboratory more than three years ago on 3-conduotor belted cable 
showed that, as would be expected, hlhng the crotch with im¬ 
pregnating compound greatly decreased the ionization there and 
lowered the observed power factor two-thirds. Similar tests 
made with shields of different length showed continued decrease 
of power factor with increased shield length up to 7 in. but no 
further change in power factor beyond 7-in. shield length, 
indicating that there was no appreciable ionization at 100 volts 
per nm‘1 on this particular cable beyond 7 H from the crotch. 

Mr. Salter suggests that the ionization in the cable end-sections 
shown in Eigs. 3, 5, and 6 is due to absorption of air and to oxida¬ 
tion of the compound. We have considerable test data indicating 
that in the particular conditions under consideration, neither 
effect should result in any increase of ionization factor. The 
slight excess of ionization in the end-sections of Fig. 4 is undoubt¬ 
edly due to insulation loss beyond the end of the sheath that is 
not taken care of by the narrow guard ring, as shown by Mr. 
Salter. However, it is believed that the extreme end-section 
ionization shown in Figs. 3, 5, and 6 is also due principally to the 
same loss beyond the end of the sheath. When the cable is 
heated, the compound becomes thinner, and since there is nothii^ 
to restrain it beyond the end of the sheath, it drains away from 
that portion of the cable down into the cone, leaving voids behind 
in the insulation. The ionization of these voids greatly increases 
the loss beyond the end of the sheath and results in the extreme 
ionization of the end-sections shown in Figs. 3, 5, and 6. 

In Figs. 3 and 6 a small part of the ionization of the end- 
sections, and a large part of the ionization of the inner-sections 
is due to expansion of the compound within the cable when 
heated and its consequent expulsion from the open end of the 
cable. Upon cooling again the greater part of this compound 
remains outside the cable, resulting in increased void space 
throughout the cable. 

The derceased ionization of the inner-sections when at 98 deg. 


cent (Fig. 5 compared with Fig. 4) is of course due to the ex¬ 
pansion of the compound and consequent decrease of the void 
space. 

A. S. Dana : I should like to ask Mr. Salter if with his scheme 
of guarding he is now able to duplicate the readings on a 10-ft. 
length that he obtains on factory lengths. 

D. W. Roper: I was glad to have Dr. Silsbee enlarge upon 
the definition set forth by Dr. Curtis with reference to the term 
“shielding,” as otherwise my discussion might have been 
excluded. 

In Chicago we are making some tests at the present time to 
check a number of tests that have been proposed for predeter¬ 
mining the stability of the insulation of high-voltage cable. We 
are using for the test a size and type of cable in which this factor 
is of great importance, that is, 66 kv., single-conductor, 750,000 
cir. ttiiI witli in. of impregnated-paper insulation. We are 
making the tests on samples of full-size cable, connecting in 
series several lengths made by different manufacturers, with 
insulating joints in the lead sheath so that the power factor of 
each section can be measured independently. The cable is sub¬ 
jected to b e ating and cooling cycles at about double normal 
voltage, and the cable is heated by means of current through 
the conductor applied by means of a current transformer 
insulated for the test voltage. 

In making the tests for power factor and ionization factor, 
some difficulties are encountered that do not occur with a three- 
conductor cable i that is, with current on a single-conductor cable 
a voltage is induced in the sections of the lead sheath that must 
be neutralized or compensated for in some manner in order to 
avoid their effect on the measurements. The engineers working 
on this problem have devised a suitable method for eliminatn^ 
the effect of this induced voltage, and it is hoped that they will 
later be able to present their methods to the Institute. 

S. J. Rosch: This symposium brings to mind a problem 
which has baffled us for some time, and to which we hope that 
someone interested wdll offer a solution. 

We have an insulation-resistance set, in which one side of the 
galvanometer is permanently connected to an independent solid 
ground. This ground is obtained by means of a No. 4 B&S solid 
copper wire fastened to a copper plate buried six feet under 
ground in moist soil. The dimensions of the plate are 1 ft. square 
by M thickness. 

In the same room, but located approximately 15 ft. away, is 
a single-phase transformer one of whose terminals is connected 
to an independent ground of similar constTnction. 

Occasionally, when breaking down samples of high-tension 
cable, at the instant when cable failure occurs, a surge results 
which occasionally burns out the moving coil of the galvanometer. 
In view of the high impedance of the galvanometer, I wonder why 
this phenomenon occurs and what method of shielding is neces¬ 
sary to prevent such occurrence. 

In discussing the measurements on the single-conductor cable, 
Mr. Salter, I believe, did not mention the method he used in 
Tna.lHng his measurements, whether it was a phase-defect method, 
a bridge method, or a dynamometer-wattmeter method. I should 
be interested to know whether Mr. Salter made any attempt to 
control the guard potentials in his circuit. In our new laboratory 
we intended to measure power factor and dielectric loss by means 
of the phase-defect method, three-phase. The apparatus is ar¬ 
ranged so that measurements can be made three-phase as well 
as single-phase. 

This symposium I believe would not be complete without some 
additional data as to whether it is necessary to control the guard 
potentials in the three-phase method, that is, using the dynamom¬ 
eter-wattmeter method, and I also believe that we should have 
comparative data of measurement^ made according to the bridge 
method described by Professor Dawes, with the various controls 
for guarding the potential, and the dynamometer-wattmeter 
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method with guard potentials unneutralized, to see just what the 

comparative results would he. ^ 

C. L. Dawes: I may be able to throw some light on the 
phenomenon described by Mr. Rosch. At one time we were 
running tests on a rubber-covered cable wound in a coil and im¬ 
mersed in a tank of water. The power for testing was obtained 
from a 25-cycle motor-generator set which derived its power from 
the 110-volt d-c. power mains supplied by the factory power 
plant. The lighting circuit in the room was supplied from 60- 
cycle service obtained from the local utility. Hence the two 
sources of power were entirely independent of ^ each other. 
When the cable suddenly punctured the lights in the room 
suddenly went out a<nd we found that the 10-ampere fuses had 
blown. We were as mystified as Mr. Rosch is by the effects 
which he observed. The only explanation at which we could 
arrive was that the fuses were blown by the electromagnetic dis¬ 
turbance created by the sudden rush of current at bresikdown. 
The cable being in the form of a coil of several turns might possi¬ 
bly have been linked sufficiently close with the lighting circuit to 
permit sufficient transfer of energy to blow the fuses. I am 
merely ofi^ering this incident as a suggestion and not as the posi¬ 


tive explanation of the not unlike phenomenon described by 
Mr. Rosch. 

E. H. Salter: During the past two years we have been 
putting into practise the suggestions made in this paper, and over 
that period of time have found that, in general, the results ob¬ 
tained on a normal 10 ft. dielectric-loss sample have given very 
close cheek against the factory measurements on full reels, that 
is, against the ionization test as made in the factories on the 
full-reel lengths. 

In connection with the single-conductor cable, Mr. Rosch has 
asked about the method used. All our single-phase measure¬ 
ments are made by the phase-defect compensation method. In 
that method the resistance thrown between either the test plate 
of the air condenser, or the test section of cable, and ground is of 
the order of 150 ohms. Working on a sample cable 10 ft. in length 
or less this will produce a maximum drop of about 0.5 volt. We 
have found that under these conditions, with the lead capacitance 
of the air condenser equal to the lead capacitance of the cable, 
the eiTor due to failure to balance the guards amounts to less 
t.Tifl/n 0.01 per cent, absolute value of power factor. In the average 
measxirement this is negligible. 
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Precautions Against Stray Magnetic Fields in 

Measurements with Large Alternating Currents 
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Synopsis.—In electric power stations, it is often necessary to 
make accurate measurements of current or power when the instru¬ 
ments are located near to the cables carrying large alternating cur¬ 
rents. The magnetic field produced by these currents may constitute 
a serious source of error in the measurements unless careful precau¬ 
tions are taken to guard against such disturbing effects. This 
paper summarizes the various principles and methods for detecting 


and minimizing the errors which may arise from this source. The 
principal methods are; (1) to so arrange the cables carrying the large 
currents that they produce as little stray magnetic effect as possible; 
(S) to use instruments of the shielded or of the astatic type; (5) to 
repeat readings with the instrument connections reversed; and 

(4) to avoid all loops in the connecting leads. 

« ♦ ♦ ♦ « 


1. Introduction 

T often becomes necessary in the central station 
or the laboratory to make precise electrical mea¬ 
surements with apparatus which is unavoidably 
located near conductors which are carrying large alter¬ 
nating currents. The magnetic field produced by such 
currents may become a source of serious error in the 
measurements, either because of the direct effect of the 
magnetic field in adding a ponderomotive force to the 
moving element of the instrument used in the measure¬ 
ment, or because of the electromotive forces induced in 
the measuring circuits by the alternating magnetic field. 

The magnitude of the effects to be expected may be 
appreciated if one considers that at a point one meter 
(39 in.) away from the center of a long straight con¬ 
ductor which is carrying 5000 amperes, the field is 10 
gausses. Keinath’- states that in a certain German 
aluminum factory, no place could be found where the 
magnetic field was less than 20 gausses. The normal 
working field strength of a typical electrodyhamic 
switchboard wattmeter is about 40 gausses and hence, 
such an instrument, if unshielded and placed in such a 
field, might be in error by as much as 25 per cent. It 
must, of course, be borne in mind that the actual error 
resulting from a given stray field depends not only on 
the magnitude of the field but also on both the direction 
of the field with respect to the apparatus which it is 
affecting, and the relative time phase of the field with 
respect to the currents flowing in the apparatus. Fields 
which are not synchronous with the current in the 
measuring circuit usually cause no error, but may cause 
troublesome beat effects and may affect the perme¬ 
ability of the iron in transformers. 

It is the purpose of this paper to summarize the 
various principles and methods which have been sug¬ 
gested for detecting or minimizing the errors which may 
arise from the presence of stray alternating fields. This 
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treatment, however, will be limited to those methods 
which are applicable in the range of frequencies used in 
power generation and distribution, though many of 
these are also applicable to audio- and even radio¬ 
frequency measurements. 

The most important methods are (1) proper arrange¬ 
ment of the conductors carrying the large current, (2) 
proper choice and arrangement of measuring apparatus, 

(3) repetition of readings with reversed connections, and 

(4) proper location of connecting leads. These methods 
will be discussed in order. It should be emphasized 
that no one of them constitutes a panacea for all stray- 
field troubles but that the obtaining of correct results 
usually requires the judicious application of several of 
these principles. 

II. Arrangement op Current-Carrying Parts 

Whenever it is possible to do so, the conductors 
carrying the heavy currents should be so placed as to 
minimize the stray field which they produce. While 
exact computations of the field produced by various 
possible arrangements are both difficult and unnecessary, 
it is often desirable to obtain a rough estimate of such 
fields; for instance in judging the relative merits of two 
alternative conductor arrangements. Such estimates 
may be based on the following approximate relations. 

The field at a point P, a considerable distance from a 
flat loop of cable, is roughly H = 0.2 AIN/P®, where 
H is the field strength in gausses, IN is the ampere- 
turns in the loop, A is the area of the loop in sq. cm. and 
D is the distance in cm. from the center of the loop to the 
point P. When the point P lies near the axis of the 
loop or in the plane of the loop, the direction of the 
magnetic field is parallel to the axis of the loop. At 
points which lie in other positions with respect to the 
loop, the direction of the field is of course quite different, 
but can be estimated by reference to a sketch of the 
lines of force around such a loop {e. g., Fig. XVIII in 
Maxwell Electricity and Magnetism, Vol. 2, 3rd 
edition). 

The field caused by a long straight conductor carrying 
a current which returns at a great distance is H » 0.2 
I/D and obviously drops off much less rapidly with 
distance than that caused by a loop. The lines of 
force are everywhere perpendicular to the conductor 
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and to the line joining the point considered to the 
nearest point on the conductor. 

Fortunately, however, the return circuit is usually not 
very distant. If two long straight conductors are at a 
distance g apart, the field fi at a point P located at a 
considerable distance D (measured from a line midway 
between the conductors) is H = 0.2 J g/D^. The mag¬ 
nitude of the field for a constant distance D is nearly 
independent of the location of P with respect to the 
plane containing the two conductors, although, as in 
the case of a loop, its direction varies greatly from point 
to point. Since the stray field is proportional to the 
spacing g it is very desirable to make this as small as 
possible. When the conductor section must be large, 
it is well to use thin strips or slabs placed close together. 
The effective spacing g is then approximately the 
distance between center-lines of the slabs and may be 
made much less than the width of the slabs or the 
diameter of a circular rod of the same conductance. 
This arrangement has the further advantage of mini¬ 
mizing the self-inductance of the circuit and hence 
lessens the reactive volt-ampere capacity of the ap¬ 
paratus required for supplying large currents for testing 
purposes. In the equipment recently installed at the 
Bureau of Standards for current transformer testing 
bars 20 in. by in. have been used. 

From the point of view of minimizing stray fields the 
ideal construction for the heavy conductors is to use a 
pair of coaxial cylinders. Such a return circuit pro¬ 
duces no magnetic field at points outeide the outer 
tube, provided the current distribution is symmetrical 
about the common axis of the cylinders. WTiile this 
form of construction has been used to some extent in 
shunts^ and certain types of instrument,® it tends to 
introduce considerable mechanical difficulty especially 
in arranging terminal connections. 

It is not generally appreciated how closely the ideal 
concentric construction can be simulated by subdividing 
one conductor and placing its parts symmetrically 
around the other bar. If the return conductor consists 
of four wires connected in parallel placed 90 deg. apart 
around the central outgoing conductor and at a distance 
g from it, the field at a distance D from the central rod 
has the value H = 0.2 1 g^fD’^. The direction of the 
field is tangential at positions which are on lines drawn 
through the central rod and each of the returns and is 
also tangential but in the reversed sense at positions on 
lines making angles of 45 deg. with these axes. The 
direction of the field is radial at positions on lines 
m aking angles of 22.5 deg. with the axes. When D is 
as great as 10 gf the stray field with this arrangement is 
only one one-thousandth as great as that caused by an 
ordinary two-wire circuit with the same spacing. 

Even the use of only two return conductors, each 
carrying one-half of the current and located one on each 
side of the outgoing conductor, gives a fairly complete 
neutralization of the stray field. With this arrange¬ 
ment, the field is H = 0.2 J g^D^ where g is the distance 


from the central conductor to either return. At a 
distance equal to 10 g the field is only one-tenth as 
great as that from a circuit which has a single return 
conductor at the same spacing. Here again the in¬ 
tensity of the field is independent of the orientation of 
the circuit. 

The foregoing approximations apply to the case of a 
single-phase circuit only. When the currents causing 
the stray field are polyphase, the computations become 
more intricate. The two conductor arrangements 
most often used are those in which the three conductors 
carrying balanced three-phase currents are placed one 
above the other in a vertical plane, and those in which 
the conductors lie at the comers of an equilateral 
triangle. In the former case, the resultant stray 
field at a considerable distance is approximately 
H ^ 0.2 VS I g/D\ whereflfisthespadngbetweenadja- 
cent conductors and D is the distance to -die central con¬ 
ductor. The stray field has a time-phase in quadrature 
with that of the current in the central conductor, and 
the direction of the field at any point depends on the 
location of that point. The field is horizontal at points 
in the plane of the conductors and also at points in a 
plane through the central conductor perpendicular to 
this plane. The field is vertical {i. e., parallel to the 
plane containing the conductors) at points in a plane 
which passes through the central conductor at an angle 
of 45 deg. to the plane containing the conductors. 

If the three conductors lie at the comers of an equi¬ 
lateral triangle and carry balanced three-phase cur¬ 
rents, the stray field at a distance has a magmtude 
given by H = 0.1 V^ i It is purely a rotating 

field of constant magnitude, and its direction makes a 
complete revolution about an axis parallel to the con¬ 
ductors during each cycle of current. There is there¬ 
fore a distinct difference between this type of field and 
those previously considered. In the previous cases 
even when the field is intense there is no electromotive 
force induced in an exploring coil if the latter is placed 
so that its plane lies along the direction of the lines of 
force, and this desirable condition is not disturbed as 
the coil is rotated about this direction as an axis. 

In the case of the rotating field, there will be an 
e. m. f. induced in such a coil unless its axis is strictly 
parallel to that of the conductors. When in any oth^ 
position a turning of the coil about an axis which is 
parallel to the conductors will merely change the phase 
of this e. m. f. without changing its magnitude. 

Table I summarizes the formulas given in the pre¬ 
ceding paragraphs and indicates by the numerical values 
computed for a typical case the magnitude of the stray 
field to be expected. 

An unshielded electrodynamic wattmeter can be used 
to detect and measure stray magnetic fields by applying 
rated voltage to the moving coil circuit while the cur¬ 
rent circuit is left open. When the orientation of the 
instrument and the phase of the applied voltage have 
been adjusted to give a maximum deflection, this deflec- 
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TABLE I 

Effective value of stray magnetic field in gausses at a distance of D cm. 
from the axis of symmetry of a group of long straight conduf^rs carrying 
a current of 10,000 amperes and arranged as indicated in colmnn 1, with the 
spacing between adjacent conductors 10 cm. 


Arrangement 

Formula 

1 

stray field 

0=60 

0-100 

D » 200 

O = 600 

single conductor, re- 

0.2 I 





turn at great distance 

D 

40 

20 

10 

4 


0.2 I g 





Return at distance *. 

n* 

8 

2 

0.5 

0.08 

Return In two wires on 

0.2 I ff® 


• 


1 



1.6 

0.2 

0.025 

0.0006 

Return In four wires at 

Di 

0.2 I g* 

comers of square.... 

n* 

0.064 

0.002 

0.000625 

.00000064 

Return In coaxial 






cylinder. 


0 

0 

0 

0 

Three-phase circuit 

O „ 1 





conductors in a plane 

£ y O y X 

10 n* 

13.8 

3.5 

0.87 

0.138 

Three-phase circuit 






conductors In a 

^/Q n T 





tHA.TIflrlA.- . - . 

0 X 

6.9 

1.73 

0.43 

0.069 


10 n® 






tion is proportional to the slaray field present at the 
point where the wattmeter is located. The instru¬ 
ment may be calibrated by placing it at the center of 
a loop of large radius (R centimeters) carrying a known 
current (I amperes) in phase with the voltage applied 
to the wattmeter. The field (H in gausses) at the 

2TrNI 

center of such a loop is H = —— where N is the 

number of turns in the loop. 

III. Choice op Measueing Apparatus 

The second line of procedure in avoiding stray-field 
errors is the proper choice of type and arrangement of 
measuring apparatus. 

When it is feasible, use should be made of magneti¬ 
cally shielded instruments. In these instruments the 
windings are enclosed in a thick shield of high-perme¬ 
ability mon, which serves to greatly reduce the inten¬ 
sity of the stray field in the interior of the instrument. 
The protection thus afforded varies of course with the 
nature of the instrument and the design of the shield. 
A more detailed discussion of such magnetic shielding 
will be found in the papers of Curtis* and Gokhale.t 
The literature^’®*® contains data showing a reduction 
of the stray field errors by factors which vary from 
1/3 to 1/60 in different cases. As is often the case 
with any type of shielding, there is always the danger 
that the presence of the iron shield may somewhat 
affect the action of the instrument, and it is customary 
to laminate such shields so as to minimize the eddy 
currents which would otherwise be produced by the 

*Se6 p. 1263. 

tSee p. 1307. 


field from the instrument windings themselves. There 
is also a possibility of the shield acquiring a certain 
permanent magnetization which may affect the opera¬ 
tion of the instrument on direct current. This effect 
can be eliminated, however, by taking the mean of 
readings with the currents direct and reversed. 

The operating torque of many electrical instruments 
is the result of the interaction of two magnetic fields, 
one of which is much stronger than the other. This 
is the case, for example, in a separately-excited electro¬ 
dynamometer or in a vibration galvanometer. In such 
types of instrument it is desirable to design the instru¬ 
ment so that the moving element of the instrument is 
the one which produces the weaker of the two magnetic 
fields. The ponderomotive force on the moving ele¬ 
ment resulting from its reaction with the stray field 
(which is of course fixed in space) is thereby made less 
than with the converse arrangement. Thus an elec- 
trodynamic instrument should be used with the sepa¬ 
rate excitation applied to the fixed coils; and a vibra¬ 
tion galvanometer of the fixed-magnet moving-coil type 
should be preferred to a moving-magnet instrument, 
unless, of course, some additional shielding is used with 
the latter. 

Certain types of apparatus, such as electrodynamic 
instruments and mutual inductors, can be built in 
astatic form by using duplicate coils wound in opposite 
directions whose effects are additive as regards the 
currents to be measured but subtractive as regards 
stray field effects. Apparatus of this type is very much 
less subject to stray field errors than is ordinary non- 
astatic equipment, and should be used whenever 
possible. However, it is well to bear in mind that astatic 
construction does not entirely eliminate all possibility 
of stray-field error. The two coils of an astatic instru¬ 
ment seldom have exactly the same area turns, and 
even if the construction is perfect, the compensation is 
complete only if the stray field is uniform in direction 
and intensity throughout the space occupied by the 
instrument. The field around a laboratory or power 
station is usually far from uniform, and may be ma¬ 
terially different at the two coils of an astatic instru¬ 
ment. Thus, if an astatic mutual inductor the coils 
of which are 20 cm. apart is used two meters away 
from a current-carrying loop of wire, the e. m. fs. in¬ 
duced in the two coils will be in the ratio of 1 to 1.37 
and the effect of the astatic construction will be to 
reduce the stray-field error to Ve of the value which 
would occur with a single-coil inductor. 

The standard resistors or shunts which are sometimes 
used in measuring heavy alternating currents must also 
be considered as liable to stray-field errors. It is 
usually necessary to place such resistors rather dose 
to the heavy current circuit and the leads running to 
the current terminals of the shunt are an ever-present 
source of stray field. Fortunately, most of the modifi¬ 
cations in construction which tend to reduce the self¬ 
inductance of the shunt also reduce its susceptibility 
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to stray fields. It frequently happens that the use of 
additional sets of potential' leads distributed sym¬ 
metrically around the axis of the shunt and all connected 
in parallel will materially reduce the stray-field error 
witiiout affecting the self-inductance. 

Electrostatic instruments are entirely free from error 
resulting from stray magnetic fields, unless the moving 
element contains a very large amount of magnetic 
impurity. Thermocouple type instruments are affected 
only to the extent that the permanent magnet of the 
d-c. millivoltmeter may be partially demagnetized by 
an extremely strong stray field. Hot-wire instruments, 
especially those designed with several parallel current 
paths for measuring large currents, may be seriously in 
error if a stray field tends to change the distribution 
of the current among the branch circuits. 

IV. Reversal op Connections 

A further method, which is almost always applicable 
even in cases where the circumstances have not allowed 
the experimenter any leeway in the arrangement of 
either the current-canying conductors or the measuring 
apparatus, is to make two sets of measurements be¬ 
tween which the connections of part or all of the ap¬ 
paratus have been reversed. The most desirable pro¬ 
cedure is first to make such changes in connections as 
will reverse the direction of all currents in the mea¬ 
suring circuits except the heavy currents which are 
suspected of producing a stray field. This may usually 
be done by reversing the secondary connections of the 
current transformers. If the results of the repeat 
measurement made after this reversal show only a 
slight difference from the original results, one-half this 
difference may be taken as a measure of the stray field 
error and the mean of the two results may be considered 
to be correct. If the difference is large, it indicates the 
need for locating and removing the source of error. The 
same principle may then be applied further by studying 
each piece of apparatus separately and taking a pair of 
readings before and after reversing its connections. In 
most cases it is of course necessary to reverse two pairs 
of terminals, as, for instance, the primary and secondary 
circuits of a mutual inductor or transformer, or the 
fixed and moving coil circuits of an electrodynamic 
instrument. After a survey of this nature has shown 
which parts of the network are introducing the errors, 
these parts should be so moved or modified as to reduce 
the error to a reasonably small value. A final pair of 
readings should then be taken to give the correct mean 
value. 

While this principle of reversed connections is much 
more effective than those previously discussed as a 
means of eliminating stray field errors, even this prin¬ 
ciple should not be trusted too far. If the difference in 
readings obtained with direct and reversed connections 
is large, it follows that some parts of the equipment 
such'as the moving coils of the instruments, the secon¬ 


dary coils of an adjustable mutual inductor, etc., will 
be differently placed in the stray field when the two 
readings are made. Consequently, the stray-field 
effects will not be exactly opposite in the two cases, 
and the mean will not be the true value. Care must 
also be taken in the case of instruments with non- 
uniform scale law to make sure that the proper mean 
(which may not always be the arithmetic mean of the 
readings) is taken. Thus, for example, if current is 
being read on an electrodynamic ammeter ha\dng a 
square-law scale, the arithmetic mean of the two read¬ 
ings of current observed with the direct and reversed 
connections in the presence of a synchronous stray field 
will not be exactly the true value of the current. The. 
true value is given by the current corresponding to the 
average of the two angular deflections or, to express it 
differently, by the square root of the mean of the squares 
of the two current readings. This differs from the 
arithmetic mean of the currents by an amount which 
is one-sixteenth of the square of the ratio of the differ¬ 
ence in the two current readings to the mean current. 
These differences are fortunately almost always 
negligible. 

V. Connections to Current Circuit 

The coupling between the measurement circuit and 
that carrying the large currents is usually made through 
a current transformer. There is, unfortunately, a 
dearth of experimental data on the effect of stray mag¬ 
netic fields on the ratio and phase angle of current 
transformers.^ One would expect, however, that the 
effect would not be greater in magnitude than the 
differences observed when the primary conductor is 
placed in different positions with respect to a hole-type 
current transformer.® ^With most transformers these 
differences amount to only a few parts in ten thousand 
in ratio, but with certain unfavorable combinations of 
construction and conditions of use, may be as great as 
one-half per cent. 

It occasionally happens that the coupling between 
the measuring circuit and the heavy-current circmt 
must be made by a direct connection of potential 
leads, so as to measure the impedance drop in a run of 
bus or across some piece of apparatus carrying the 
large current. In such cases, it is important to recog¬ 
nize clearly that the impedance drop may be very 
different from the resistance drop and to place the 
potential leads so that the resultant e.m.f. at the 
measuring instrument may approximate as closely as 
possible to the desired quantity. If the total impe¬ 
dance drop is desired, the potential leads should be 
brought off separately at right angles to the heavy 
conductor, in such a direction as to avoid as far as 
possible the magnetic effect of other parts of the heavy 
current circuit. In other words the mutual inductance 
between the potential leads and the current circuit 
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should be zero. On the other hand, if the resistance 
drop only is desired, a potential lead should be laid 
back tightly against the conductor throughout the span 
from its point of attachment to that of the other 
potential lead. From the point where the two leads 
meet they should be kept close together and preferably 
twisted throughout the run from the conductor to the 
instrument. The theoretically perfect condition is to 
place the potential leads so that they are linked with a 
magnetic flux of the same amount as that which links 
the main conductor. In the case of round conductors 
this would require the impracticable condition that the 
lead lie in a hole or groove inside the current carrying 
rod. In the case of thin rectangular bars, however, 
the requirement can be met by placing the potential 
lead close to the bar at a distance from the center of 
its long side equal to 0.3 of the total width of the bar. 

The precaution of twisting the two leads of each part 
of the measuring circuit is of course essential in all 
parts of any set-up when stray magnetic fields are 
present and is a most effective way of avoiding stray 
e. m. fs. in the leads. Yet an appreciable induced 
electromotive force has at times been observed in a 
carefully twisted pair of potential leads when the 
twisted pair was lying at right angles across a pair of 
heavy cables (also twisted) which were carrying 1000 
amperes. In these cases, the change of field strength 
with distance was so abrupt that the adjacent loop of 
the twisted lead could not compensate for the large 
e. m. f. induced in the loop which lay closest to the 
heavy cable. 

In cases when the conductor arrangement is such 
that the potential leads cannot be placed in the desired 
location, it is often possible to correct the experimental 
results by computing the various mutual inductances 
involved. Formulas are available® for such computa¬ 
tions for a great variety of shapes and arrangements 
of conductors. 
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Discussion 

C. T. Weller: In regard to Dr. Silsbee’s paper, I hope he in¬ 
tends to include in his printed discussion the photographs of his 
current-transformer testing equipment which he showed here. I 
was glad to notice that one of schemes for testing high-current 
transformers represents the one under which they are generally 
used; namely, with a single return circuit nearby. However, 
under this condition the shielding effect is largely eliminated in 
that part of the circuit. 

If I understand him correctly, he is planning to use a standard 
current transformer with series-multiple connections to cover the 
higher currents; this constitutes an indirect scheme somewhat 
similar to the one he is now using for the liigher-voltage potential 
transformers. I desire to emphasize that equipment is now avail¬ 
able for determining the respective transformer accuracies di¬ 
rectly over a wide range of current and potential values. 

S. L. Gokhale: With reference to the use of astatic wound 
coils. Dr. Silsbee says: “The two coils of an astatic instrument 
seldom have exactly the same area turns and even if the construc¬ 
tion is perfect, the compensation is complete only if the stray 
field is uniform . . .” 

» 

The first of the above two points needs only a brief comment 
even if the two coils be not exactly equal to start with, they can 
be easily tested and readjusted to any limit of accuracy which 
may be required. Such a system may therefore be looked upon 
as a completely satisfactory solution of the problem of uniform 
stray field. Let us call such a system, an “astatic system of the 
first order;” it is represented by the formula, (+1, “1) which ex¬ 
plains itself. 

But even if the stray field be not uniform, exact compensation 
may stUl be obtained by the use of astatic systems of higher order. 
Imagine a system of three coils, represented by the formula 
(H-l, — 1, +1); this means that the first and the third coils of the 
system are of equal area-turns wound in the same direction and 
that the middle coil is wound in the opposite direction with area 
turns double of each of the end coils. Such a coil system can ex¬ 
actly compensate for a non-uniform field of the second degree, 
that is a field having a uniform rate of variation from point to 
point in any direction. A non-uniform field of third degree can 
be compensated for by the use of a coil system of the third order 
(- 1 - 1 , -3,-1-3, -1); a field of the fourth degree by a system 
(-1-1, -4, -1-6, -4,-1-1) and so on. 

The several coils of the systems of different orders can be ex¬ 
pressed by the general formula, (-|-1» 1)” expanded by the bi¬ 

nomial theorem. These astatic systems are analogous to the 
harmonic magnets of the corresponding orders described in Sec¬ 
tion 6 of my paper in this sinnposium. In our practise we had 
thus far only one occasion to use a system of the third^order, a 
system of the second order (H-l, — 2,-f-1) is quite satisfactory 
for most purposes. 

F. B. Silsbee: Mr. Weller asked some questions in connec¬ 
tion with the current-transformer testing equipment which are 
rather remote from the shielding problem. The answer is that 
when we have a single return, (one of the four return leads only 
in use), then, of course, we do not get the compensating effect, 
the field varies inversely as the square of the distance and more 
stray field is present in the room. We hope when the set-up is 
working we shall not get much difference in transformer pei- 
formance between one and four leads and that we shall be able 
to use all four leads in our regular testing. 

In reference to his other question, we do feel at the Bureau 
that there is a good possibility in the use of standard transformers 
which are standardized with their coils so connected as to give a 
lower range, and then used so as to give a higher range. We have 
pushed this matter in voltage transformers to a range of 100 kv. 
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We are intending te pursue the same policy in the case of the 
current transformer. 

We recognize there is one serious source of difficulty in the con¬ 
tact resistances of the various circuits which are connected in 
parallel. We feel, however, that by using an exploring coil wMoh 
can be moved opposite each of the primary turns in succession, 
we shall be able to tell whether or not the current is dividing 


properly between the turns, and thus at least know that 
something is wrong if anything is wrong. We hope the matter 
will work out satisfactorily. 

I t.hinlf Mr. Gokhale has added quite a bit to the theory of 
astatic coils by generalizing the process. I think there might be 
cases where this method would be applicable, but generally it 
would be rather a complicated thing to carry out. 



Magnetic Shielding 

(Shielding of Magnetic Instruments From Steady Stray Fields) 

BY S. L. GOKHALE' 

Member, A. I. E. E. 


Synopsis.—This paper is a brief survey of the vast amount of 
work on magnetic shielding of instruments against steady stray 
fields, and allied problems, by several authors during the last fifty 
years. It contains, first, a simplified presentation of the method 
of zonal harmonic analysis, by way of introduction to the mathe¬ 
matical theory of shielding as presented by those authors, and second, 
a brief summary of their theoretical inferences and experimental 
findings. In a paper of this kind no “conclusion" is necessary; the 
following table of contents explains the plan of presentation followed 
herein. 

1. Introduction 

2. Designed and incidental shielding 

3. Problem of shield design 

4 . Theory of shielding, methods of analysis 

6. Method of magnetic images {geometric) 


6. Harmonic analysis; conception of harmonic magnets and 

harmonic images 

7. Zonal harmonics 

8. DuBois' formula for shield factor 

9. Material for shield 

10. Importance of differential permeability for shielding 

11. Failure of magnetic shield 

13. Incidental shielding 

15. Dynamic shielding 

14 . Differential shielding 
Appendix 

Mathematical theory of Zonal Harmonics 

16. Zonal Harmonic coefficients 

16. Geometric and harmonic images 

17. Analysis of any magnetic field in general into component 

spherical or zonal harmonics. 


1. Introduction 

HE phenomenon of magnetic shielding is very 
important from the practical as wdl as from the 
theoretical point of view. A considerable amount 
of work has been done in the past, by way of developing 
a complete mathematical theory for each important 
case of shielding which occurs in laboratory or engi¬ 
neering practise. Several formulas have been evolved 
for practical use, and some of them have been verified 
by test. The mathematical treatment of the subject 
as presented by the several authors is not only not very 
easy to follow, but it starts out from a point in higher 
mathematics generally beyond the range of studies of 
the average technical student. Consequently, most 
of the work in the past has remained like a sealed book 
to all except those who were compelled, and had the 
ability, to forge their way through that mathematical 
maze. The purpose of this paper is two-fold, first, to 
introduce the mathematical aspect of the problem in a 
simple form so as to bring the reader to the starting 
point of the classical work presented by authorities 
like Professor Rucker, without having to go through 
the Laplacian equation and its solution as a necessary 
preparation, and second to summarize results of the 
mathematical study and of the experimental findings 
of the other physicists. It contains nothing new except 
the mode of presentation. 

2. Designed and Incidental Shielding 

For practical purposes the study of shielding may be 
divided into two divisions. 

Part 6 of a Symposium of six papers in Shielding in Electrical 
Measurements. 

1. Research Engineer for Magnetics, General Electric Com¬ 
pany, Schenectady, N, Y. 

Presented at the Summer Convention of the A.I.E.JE., Swamp- 
scott. Mass., June 34-^8,1939. 


(a) Study of shield design 

(b) Study of incidental shielding 

The classification is important for practical purposes 
only, and has no foundation in theory. The purpose’of 
the study (a) is to obtain a formula for the most efficient 
shield and is concerned with those cases wherein good 
shielding is essential; the study (b) is concerned with 
cases in which shielding occurs incidentally as a col¬ 
lateral phenomenon irrespective of desirability or unde¬ 
sirability of the effect. The same fundamental theory 
underlies both the above aspects of the study, but the 
conditions involved in the two problems call for different 
methods of approaching the solution, hence the need 
of the above classification. The problem of designing a 
satisfactory shield for protection of galvanometers 
against external fields belongs to the first class, the 
problem of computing magnetic forces on a conductor 
located in the slots or tunnels of the armature of a motor 
belongs to the second class. The solution of the first 
problem is best obtained by the use of harmonic 
analysis, the solution of the second by the use of electro¬ 
magnetic images (geometric). In anticipation of the 
following analysis, it may be noted at this point, that 
the method of harmonic analysis is also fundamentally 
a method of magnetic images. (Section 6). 

3. Problem of Shield Design 

The problem of shield design in its theoretical aspect 
is the problem of formulating an equation expressing 
the ratio of the original field at a point, to the field at 
the same point when protected by the shield. In 
other words, the problem consists of deriving an equa¬ 
tion of the form. 

H e ^ Hi. F{fif a,h,c, etc.) (1) 

= a. Hi (1-2) 
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where 

H e, is the field without protection 
H i, the field with protection 
g, the shield factor 

ju, the permeability of the shield material 
a, h, c, etc., geometric characteristics of the shield 
In the case of spherical or cylindrical shields the 
symbols a, h, c, stand for the several radii of the 
shells which form the shield. 

In practise, the problem goes one step farther, and 
calls for an expression for the most efficient shield de¬ 
sign, together with the value of the shield factor of that 
design. For convenience of computation, the shields 
are supposed to consist of one or more concentric shells 
of spherical or cylindrical form. The permeance func¬ 
tion of a cylindrical shield—see Equations (10) and 
(15); that is, of a shield made of a set of cylindrical shells 
of sufficient length, is only 8/9 of that for a spherical 
shield of corresponding radii and of the same material. 
See Equation (17). It is obvious from this that shells 
of intermediate form must have a shield factor some¬ 
where between these two extreme limits, and it is there¬ 
fore not necessary to try to compute for or to design 
any other shapes. Theoretically, the cylindrical shield 
is supposed to be of infinite length but it has been found 
in practise that for a point near its center, a shield of 
length equal to its diameter is almost as good as one of 
infinite length, and a shield longer than its diameter by 
any amount gives an efficiently shielded space of that 
length. (DuBois, “Magnetic Shielding,” Electrician, 
Vol. 4, p. 645, Fig. 9). A small amount of further im¬ 
provement can be obtained by the use of shield plates 
at both ends for which no formula has been worked out, 
(Dye, Journal of Sdentijic Instruments, Vol. 3, p. 69). 
fiTTiflll holes in these plates make practically no differ¬ 
ence in the efficiency of the shield. It is understood 
that in the case of the cylindrical shield, the axis^ of the 
shield should be at right angles to the magnetic field 
against which protection is required. In all cases, 
shielding depends on the permeability of the shield; 
the higher the peimeability of the shield material the 
more efficient the shield will be. (See also Section 10.) 

4. Theory op Shielding: Methods of Analysis 

Theoretically, the action of a shield consists of a 
change of path of flux lines due to refraction of those 
lines at the boundary surfaces of the shield caused by 
differences of permeability on the two sides of the 
boundary. This interpretation of the shielding process 
cannot be reduced to mathematical formulas, except 
in an indirect way in terms of some intermediate 
phenomenon, such as distribution of magnetism on the 
surfaces of the shield. Thus there arise three practical 
methods of interpreting the action of the shield in 
mathematical terms. 

1. The method of least reluctance 

2. The method of images 

3. The method of harmonic analysis 


The first method lends itself easily to account for the 
action of the shield in a qualitative sense, but it is not 
convenient for quantitative work. The second and 
third methods are best suited for computation. The 
first method is based on the conception that lines of 
flux are refracted so as to follow the path of least reluc¬ 
tivity, and consequently, that most of the flux lines 
follow the apparently longer but really the easier curved 
path through the walls of the shell, instead of traversing 
the straight and shorter path through the space en¬ 
closed by the shield. This line of reasoning is very 
convenient for a classroom exposition but it fails to 
explain clearly the fact that some lines traverse the 
space enclosed by the shell instead of all lines going 
around the enclosure; nor does this conception explain 
the bending of the lines outside the shield where they 
approach the shield without touching it, and follow a 
longer path of apparently greater reluctance without 



Pig. 1—^Bending of Flux Lines bt a Shield 

any compensating diminution of reluctance by going a 
part of the way through the iron (see Fig. 1, Line No. 
200). It is possible to explain all these difficulties by 
taking fully into account the diminution of peraieability 
by congestion of flux, the bending of the equi-potential 
surfaces, and the broadening of the tubes of flux, but 
then the explanation is no longer simple and has no 
other compensating merit. The other two methods are 
based on the conception that the shells are themselves 
magnetized by the inductive action of the field and be¬ 
come in turn a source of a second magnetic force which 
in the enclosed space is opposed to the original field. 
The value of the field in this space is the resultant of the 
original field and the opposing field produced by the 
shield. This method of interpretation is not very diffi¬ 
cult to comprehend and has the further merit of lending 
itself easily to mathematical analysis. 

5. Method op Magnetic Images (Geometric) 

This method is analogous to the well known method of 
electrostatic images. The magnetism induced by the 
original field on the surfaces of the shield is regarded as 
equivalent to certain imaginary magnetic poles located 
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at appropriate points just as in the case of electrostatic 
images. The resultant field is then easily computed in 
accordance with Coulomb’s law of inverse square. In 
the case of solid spheres, solid cylinders, and infinite 
mass bounded on one side by a plane surface, the images 
can be easily located and the computation presents no 
difficulty, but when the problem involves more than one 
surface the magnetic distribution can be represented 
only by a series of infinite images which adds greatly to 
the difficulties of their location and computation. This 
method is therefore not available for problems of shield 
designs which even in the simplest case involve two sur- 



Fig. 2—^Magnetic Poles on a Shield Due to Induction 
(Bending op Lines is Ignored in This Diagram) 

faces and in most practical cases at least four surfaces. 
This method of images will be referred to as a method 
of geometric images, to distinguish it from the method 
of harmonic images which will be described next. 

6. Harmonic Analysis: Conception of Harmonic 
Magnets and Harmonic Images 
The method of zonal harmonics is fundamentally a 
method of images, with this difference, that with the 
method of images proper, that is, of geometric images as 
defined in the last section, both the magnitude and loca¬ 
tion of the images are determinate and are determined 
directly from the magnetic and geometric conditions of 
the problem. In the case of zonal harmonics, the 
images are indeterminate in location as well as in magni¬ 
tude to start with, but they can be located at any point 
sdected at will; the magnitudes of the images can then 
be determined by a process analogous to that of deter¬ 
mining the coefficients in a Fourier series. 

The images in this method of analysis consist of a 
series of sets of imaginary magnets of small size, ar¬ 
ranged as required by the conditions of the problem, 
so as to produce at any point on any specified spherical 
surface, the same magnetic potential as the magnetic 
distribution in question produces. This will be dear 
from the following explanation. 

In Fig. 2 let H be the magnetic field in question which 
may or may not be uniform. A spherical shield is 
placed in the field, the center of the sphere being the 
origin of the coordinate axis. The field induces mag¬ 
netic poles on the surfaces of the shield as indicated 


qualitatively by the diagram. The lines of flux in the 
field and also within the walls of the shell, are also bent 
under the influence of the induced magnetism (Fig. 1), 
although this bending is ignored in Fig. 2 for simplicity. 
The magnetism induced on the shield, which is analyti¬ 
cally the basic reason for the changes in the field, can be 
represented by equivalent magnetic images, all located 
near the center of the sphere, and of magnetic strengths 
which can be determined analytically. 

Imagine a very short magnet of polar strength w, 
of length 2 ai, and of magnetic moment M = m. 2 Oi, 
located at the center of the sphere and oriented posi¬ 
tively, along the axis of X, that is with the positive 
pole on the positive side of 'the coordinate axis. (See 
Fig. 3-1.) We will call this magnet a harmonic magnet 
of the first order, and of strength Mi. li Mi = 1, the 
magnet is eaX\eda.unit harmonic magnet of the first order. 

Next, imagine two shorter magnets of length 2 
each, one located about the positive pole of the first 
magnet Mi and oriented positively, the other located 
about the negative pole of Mi and oriented negatively. 
(See Fig. 3-2.) Call this system of .magnets, a har¬ 
monic magnet of the second order, of strength Mi 
= m . 2 a 2 .2 ttj, where m is the strength of each of 
the four poles. If Mi = 1, it becomes a unit har¬ 
monic magnet of the second order. 

Next, imagine a system of four still shorter magnets 
of length 2 as each located about the four poles of Mi 
and oriented positively or negatively according to the 
poles of Jlf 2 concerned. (See Fig. 3-3.) Call this system 
of magnets, a harmonic magnet of tiie third order, of 
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strength Ms = w . 2 as. 2 a 2 . 2 ai, where m is the 
strength of each of the eight poles. If Ms = 1, it be¬ 
comes a unit harmonic magnet of the third order. 

Repeat the process, doubling the number of magnets 
of each step: thus we have harmonic magnets of suc¬ 
cessively higher order. The strength of the magnet of 

nth order is M« = w . 2 a„ . 2 a„_i.2 as. 2 ai. 

If Mn = 1, we have a unit harmonic magnet of the nth 
order. 

The process can also be carried backwards one step: 
imagine a single positive pole Mo = ■+• w located at the 
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center of the sphere, and therefore at the middle point 
of Ml, (see Fig. 3-0, 3-1). Call this single pole magnet, 
a harmonic magnet of zero order of strength Mo. 

The backward process can be carried indefinitely 
beyond the zero order, giving imaginary harmonic 
magnets of negative orders, M_ o, M_ i, M_ 2 , etc. These 
magnets give rise to zonal harmonics of second kind, 
viz., Qo, Qi, Q 2 , etc. This paper is limited to the study 
of real harmonic magnets and their effects. 

This is the planetary conception of harmonic 
magnets. 

For anal 3 rtical purposes, the harmonic magnets can 
also be conceived as the result of magnetic displace¬ 
ments, as follows: 

Imagine a single positive pole + m located at 0, 
(Fig. 3-0), and call this as before a harmonic magnet of 
zero order, of strength Mo = + w 

Imagine a second pole — m, superposed on + w so as 
to neutralize both to start with; the two poles are then 
stretched apart over a very short distance dx = 2 Ui 
along the coordinate axis X, the pole + m moving in 
the direction -|- X. Thus we obtain a harmonic magnet 
of the first order, of strength -f Mi = m . 2 Ui. 

Next, imagine an exactly similar magnet with its poles 
reversed, and superposed on the first; the two magnets 
are now slid along each other, so as to displace the cor¬ 
responding poles over a distance of 2 as. This gives us a 
harmonic magnet of the second order. And so on. 

The planetary conception is easier to comprehend, 
but the displacement conception is better adapted for 
anal 3 ddcal operation. See Section 15, Eq. (21). 

The method of zonal harmonics is based on the 
theorem,^ that any magnetic distribution, symmetrical 
with respect to an axis, can be represented as the ag¬ 
gregate effect of a series of magnetic images, in the form 
of harmonic magnets of different orders and of appro¬ 
priate strengths, all located about any selected point, 
aud oriented along the axis of symmetry. The theorem 
of harmonic analysis, in general is,^ that any distribu¬ 
tion of magnetism can be represented by a series of 
harmonic magnets, all located about any point arbi- 

3. The conception of harmonic magnets is due to Maxwell 
■wlio first applied it to the study of electrostatic fields. Maxwell’s 
conception was limited to real harmonic magnets. 

^ 4. The theory of spherical harmonies in general, is not limited 
either to symmetry or to uniformity of the field or to symmetry of 
distribution of the induced magnetism. By the use of three 
sets of harmonic magnets along the axis of X, Y, and Z, respec¬ 
tively, any distribution and any kind of field can be analyzed 
into harmonics, but for simplicity of presentation this paper 
deals with the simplest case, namely, that of a symmetrical dis¬ 
tribution. 

. The first of the above two enunciations of the theorem refers to 
the problem in its limited scope, the second refers to the problem 
in its general aspect. When all the imaginary harmonic magnets 
lie along a single coordinate axis, they give rise to zonal harmonics 
(see Section 7). When they are distributed along the three axes 
they give rise to spherical surface harmonics in general. Zonal 
harmonic analysis is only a simpler particular case of spherical 
harmonic analysis. 


trarily selected somewhere not necessarily near the 
center of the distribution and of magnitudes capable of 
being determined by a process analogous to that of 
Fourier^s Series. For a more precise and formal state¬ 
ment see Equation (6). 

7. Zonal Habmonics 

The potential at any point on the surface of a sphere, 
due to a harmonic magnet of any order located about 
the center of the sphere, is called a simple spherical 
harmonic of the corresponding order. In the particu¬ 
lar case of a sphere of unit radius, and with a harmonic 
magnet of unit strengtib, the value of the potential 
reduces to a much simpler form; it is then called a 
zonal harmonic coefficient of the corresponding order. 
(See discussion following Eq. (29).) 

Let TAT' (see Fig. 4), be the meridian section of a 




Fig. 4— ^Potential at a Point Dub to Habmonic Magnets; 
SUBNUMBEBS BeFER TO ObUEB 07 MaGNET 


sphere of radius r, and with center 0, which is also the 
origin of the coordinate axes. Let A be any point on 
the sphere arbitrarily selected, having coordinates x and 
y, or the corresponding polar coordinates r and 6. Let 
the harmonic magnet under consideration be located 
about the center and oriented along the prime vector. 
Then the potential at A due to such a magnet of any 
order n and of strength Mn can be expressed by the 
general form. 

Vn = M„ . — 1 ) . /« (cos 6) (2) 

The expression on the right hand side is a simple spheri¬ 
cal harmonic of the nth order. The factor /„ (cos 9) is 
called a zonal harmonic coefficient of the corresponding 
order. 

The specific values of the potential at A due to harmonic 
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magnets of orders ranging from 0 to 7, and of strengths 
ilfo, Ml, Mz, etc., are 


Va = mo. 

r 

(2-0) 

Vi = Ml. 

1 

J.2 COS0 

(2-1) 

Vo = Mo. 

1 

^ .(3cos”9-l) 

(2-2) 

• 

CO 

II 

CO 

1 

^ . 3 (5 cos® 0—3 cos 0) 

(2-3) 

• 

II 

1 

^ . 3 (35 cos^ 0—30 cos® 0 H- 3) 

(2-4) 

Vo = Mo. 

1 

. 15(63 cos® 0—70 cos® 0 H-15 cos 0) 

(2-5) 

Vo = Mo. 

^7 . 45 (231 cos® 0 — 315 cos^ 0 



+ 105 cos® 0-5) 

(2-6) 


.315 (429cos^0- 693cos' 6 


+ 315 cos® 0—35 cos 0) (2-7) 

For detailed computation and derivation of the above 
equations, see Appendix, Section 15. 

The several values of V for the different harmonic 
magnets, are simple spherical harmonics, each of the 
order corresponding to that of the harmonic magnets. 
Each of these harmonics is made up of four factors, 
namely 

The factor representing the strength of the magnet 
The r-function factor, a negative rational power of r 
The 0-function factor, a rational function of cos 0 
The numerical factor, which is m^ely a part of the 0 
function factor; it is separated merely for con¬ 
venience, the separation having no theoretical 
significance. 

The 0-function factor together with the numerical 
factor is called a zonal harmonic coefficient. It repre¬ 
sents the value of V for a sphere of unit radius, with a 
harmonic magnet of unit strength at the center. Using 
the symbol Z to represent that coefficient, the general 
equation for V (Equation (2)) may be expressed in the 
form 


harmonic, and is represented by the sjunbol Pn. Thus 
we have the equations 

M 

• iZn) (3) 


or 


Vn = n!. 


M n 

^(n+l) 


.Pn 


(4) 


where P„ = ZJn! (5) 

(See Appendix, discussion following Equation (29.) 

The theorem stated at the end of Section 6, may now 
be restated in more precise terms 
The potential V at any point on the surface of a 
sphere, due to magnetic distribution symmetrical with 
respect to an axis, can be analytically represented by a 
series of the form 

y = Ao + Ai. r . Pi -f- Aa. r®. Pa + etc. 


+ ^ + y 2 + fs + etc. 


( 6 ) 


where, Ao, Ai, etc., and Bo, Pi, etc. are determinate 
constants; sometimes only the first part (Ao + etc.), 

sometimes only the second part ^ -|- etc. and 

sometimes both the parts are necessary according to 
the nature of the distribution which calls for analysis; 
stated in general terms, the series takes the form 

v = (7) 


This is the basic equation underlying the method of 
zonal harmonic analysis in general, and of the analysis 
as applied to the problem of magnetic shielding in 
particular; for example, it is the starting point of 
Ruck^’s analysis in his classical article on shielding, 
wherein he has made use of this equation to derive his 
general formula for shield factorl (PhU. Mag, 1894, 
Vol. 37, p. 97). It may be noted that the above 
equation bears a close resemblance to Fourier^s series 
in which we have 

y = .S (An cos % 0) -|- 2 (Bn sin n 0) (8) 

The resemblance is more than superficial, it can be 
shown that the zonal series is merely a more complex 
form of the Fourier series. The method of determining 
the values of the factors A„ and P« in the case of the 
zonal s^es is exactly the same as in the Fourier’s series. 

Note: For significance of the constants An and Bn 
in Equation (7), see Equations (31-2), and (33-2); for 
proof of the theorem see Section 17. 


y — Mn . J.(n+i) • (^«) ( 3 ) 

where Zn stands for/n (cos 0), (see Equation (2)). 

In practise, the coefficient (Zn) is divided by another 
numerical factor n! (factorial n); it is then called 
“practical zonal harmonic coefficient” or briefly, zonal 


8. Dubois’ Formula for Shield Factor 
It is not possible in a brief paper of this kind to go 
through the complete analysis of the shield problem. 
The purpose of this paper is merely to introduce the 
subject for the benefit of those whose knowledge of 
harmonic analysis is limited to Fourier’s Series. For a 
more complete study of the problems, see “Magnetic 
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Shielding” by Esmarch (Ann, der Physik, Vol. 39, 

1912, p. 1553), and by Rucker (Philosophical M<ig.,Yo\, 
37,1894-95, p. 95). 

From Rucker s general formula referred to above, 
Dubois® has derived the following formula for the case 
of a spherical shield of two concentric shells, with a 
shell of non-magnetic material between, (see Fig. 5). 

^ 2 (iJL- 1)2 I- 

= 1 + 9 - [ (1 - Pi P 2 ) 


t 


) 


Wi m 2 mi2 


] 


(2 + 5 M + 2) 

9 p. 

where Pi = riVRi®; mi = 1 - pi 

Pa = r^/R^; m 2 = 1— P 2 

pia — mi2 — 1— P 12 

9 = H e/H i; (see Equation (1-2) 

Using the abbreviation s 3 mibol 

2 (m - ly 


(9) 


c = 


.9 




( 10 ) 


where c is the permeance function of a shield of spherical 
form, the-equation takes the form 

flr = 1 + c (1 — Pi P 2 ) + c (c H- 1) mi m 2 mu (9-2) 
By making r 2 = R 2 , and therefore, P 2 = 1 and m 2 = 0, 



Pig. 5 —Spherical Shield op Two Shells 

the outer magnetic shell is eliminated, and^the shield is 
reduced to a single shell for which the shield factor is 

= 1 + c (1 - pi) (11) 

= 1 + cmi (11-2) 

or (flfi — 1) — c mi (12) 

(g - 1) is called the shielding power of .a shield. 

■j.. Equation (11-2) shows that the shield factor of a 
shield depends not on the absolute size of a shield, but 
on m, that is, on the relative mass of the shell wall to 
the size of the shell. 

In the same way by making Ri = Ti and therefore 
Pi =s 1, mi = 0, we have 

= 1 + c m 2 (10-2) 

Dubois' equation may now be transformed so as to 
express gf as a function of gi and 92 - 
g =z 1 + c (1 — Pi P 2 ) -f- c (c + 1) mi m 2 mi 2 
_ 1 _l_ c [1 — (1 — mi) (1 — wi 2 )] + c (c -f 1) mi m 2 mi 2 
= (l-hc mi)(l+c m 2 )-mi m 2 (c 2 +c) +c(c-l-l)mi m 2 mi 2 
= flfi ^2 + rni m2 (c^ + c) (1 - W12) 

= gi 9^2 — c (c + I) ^2 mi2 

6. Sec DiiBois: Electrician, Vol. 40, 1897, p. 317. 


This is DuBois' equation second form. This equa¬ 
tion shows that the shield factor consists of two terms; 
the first of these is made of two main factors, each of 
these factors being the shield factor of the corresponding 
shell. The second or negative term represents the 
effect of the mutual reaction of the two shells on each 
other and is a measure of the loss of shedding power due 
to such reaction. For a pair of shells of given radial 
ratios (mi and m 2 constant), the reaction reaches the 
maximum value, and that g reaches the lowest value 
when P 12 = 1, that is, when the air space is eliminated. 

If the shdls be not very thin, and also if the perme¬ 
ability of the shell material, and therefore the permeance 
function of the shield be very high, we can assume 
c = c -|- 1, and also c mi = 1 -4- c mi, and e mz 
= 1-1- c m 2 approximately; this approximation reduces 
DuBois’ equation to a much simpler and more instrao 
tive form. 

g = (1 + c mi) (1 -h c m 2 ) — c (c -H 1) mi m 2 P 12 
= c mi cm 2 — C® mi m 2 P 12 (approximately) 

= 02 - 0102 P 12 (approximately) 

= 0102 (1 - P 12 ) (approximately) 

= 0102 mi 2 (approximately) (13-2) 

That is, the shield factor of the whole shield is approxi¬ 
mately the product of the shield factors of the individual 
shells multiplied by the clearance ratio of the air i^ace 
between the shells. This form of the equation brings 
out clearly the function of the air space in improving 
the efficacy of the shield; it reveals the fact, not obvious 
at first sight, that a shield made up of two shells with 
non-magnetic space between is superior to a shield of 
the same size vdth all the space filled with the magnetic 
material. It would appear that the reluctance of a 
single shell filling the whole space occupied by the shield, 
ought to be less than that of a multi-belled shield with 
air spaces between. This view is contradicted by the 
well recognized fact that a multi-shelled shield with 
air spaces between, is far superior to a solid shield of 
the same size, although the latter contains much more 
magnetic material and has apparently much less reluc¬ 
tance. DuBois' formula has been found to be in doae 
agreement with the shield factor obtained by measure-, 
ment. (DuBois, Electrician, Vol. 40, p. 653). In thfi 
case of cylindrical shields, the shield factor is givcfnby a 
similar set of equations: 

1 (m _ 1)2 |- 

0 = 1+4 "^- [(1-0x02) 


(m + 1) 

4m 

where 

01 = (ri/Riy 

02 = (r2/R2y 

012 = (Ri/riy 


Tbl 7 I 2 J (14) 

%i =1-01 

n2 =1—02 

W 12 = 1—012 
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Using as before the notation 


d = 


(M - 1)^ 
4/i 


(15) 


the equation takes the simpler form, 

. = (1 -f“ ^ Til) (1 -f- d Hii) — (d^ -f- d) Til Tig Qi2 

= gi 92- (d^ + d) ni %2 ^'12 (16) 

= 92 ni 2 approximately (16-2) 

This equation is analogous to that for spheres and leads 
to similar conclusions. For similar equations for shields 
of three shells see ^‘Stalloy Ring Shields,” by D. W. Dye. 
{Journal of ScieMific Instrumenls, Vol. 3, p. 66, 1925.) 
Incidentally, it may be noted here that the ratio of the 
permeance functions in the two cases, viz., spherical 
and cylindrical shells, is 

__£ _ 2 (fJ, - 1)^ 1 (m - lY 

d ~ 9 fjL ' 4: jLt 

c 8 

or ^=-3 (17) 

Rucker has shown that for a shield of predetermined 
size, that is, when the innermost and outermost radii are 
specified, the jnost efl&cient shield is obtained when the 
successive radii of the shells form a geometric 

progression. 

Equations for shields of more than three shells can be 
developed by further application of the same method, 
but the work involves a very laborious computation, 
and the improvement secured thereby is not great 
enough to justify the effort. A shield of three shells is 
quite satisfactory for almost all practical purposes, and 
one of the two shells is good enough for most of tiiem. 
Equation (13-2) can be extended to any number of 
shells, as an approximate formula, if necessary. 


9. Material for Shells 

A reference to DuBois’ formula shows that the shield¬ 
ing effect is nearly proportional to permeability; high 
permeability is therefore the most important requisite 
for shield material. In practise the fields against which 
protection is needed in galvanometer work, are geni¬ 
ally very weak. The best material for a shield is there¬ 
fore a material with high initial permeability. It is 
also necessary to remember that the material should be 
as free from hysteresis as possible. Material capable of 
developing strong local poles and retaining them, is 
worse than useless as it may create more (fisturbance 
than it can cure. Fortunately, material of high perme¬ 
ability has generally a very low hysteresis, which simpli¬ 
fies to that extent the problem of choice of material. 
The newly discovered alloys, permalloy and other alloys 
of that class, seem to be the best materials for shields but 
no recorded data on shield ratio for these materials are 
yet available. Professor Hill states that he has ob¬ 
tained a shield ratio 9 = 1000 by the use of a cylinder 
of sheet *‘Mu metal” rolled with a spacer of sheet cop¬ 
per, and with end plates of “Mu metal.” {Journal of 


Sdentifie Instruments, Vol. 3, 1925-26, p. 335.) For 
steady disturbing fields a massive material is just as 
good as laminated material but for disturbance of 
transient character massive material is at a disadvan¬ 
tage. The impulsive nature of the disturbance gener¬ 
ates an eddy current, which chokes back a part of the 
flux and prevents it from going through the walls of the 
shell, thereby reducing the efficiency of the shell as is 
indicated by an impulsive kick of the protected gal¬ 
vanometer. Laminated shells have no disadvantage 
in particular. They are equally efficient against im¬ 
pulsive as well as steady disturbances. There seems to 
be some difference of opinion as to the mode of lamina¬ 
tion. One method is to prepare a cylindrical shell by 
stacking a number of ring punchings of appropriate 
size; this scheme of lamination simplifies the problem 
of cutting observation windows in the shield. A second 
method is to prepare a cylindrical shell by rolling sheet 
material in the form of a cylinder. Theoretically, the 
latter tj^e ought to be a trifle better, first because the 
shell acts like a system of multiple shells separated by 
non-magnetic shdls, second because they contain no 
non-magnetic spaces parallel to the field for the external 
field to leak through, and third, because the formation of 
eddy currents tends to prevent the flux crossing the 
sheets, so as to force it to follow a path of least eddy 
along the walls of the shield. Practically no great im¬ 
provement seems to have been observed. This may be 
due to the fact, that in rolling the sheet into a cylindrical 
shell its permeability is perhaps slightly impaired. This 
point deserves further testing. 

10. Importance op Differential Permeability 

FOR Shielding 

In view of the facts that the shielding power of a shield 
depends on its permeability, and that the permeability 
of every known ferro-magnetic material depends on ite 
flux density, having a maximum value when the material 
is carrying a certain amount of flux, attempts have 
been made to improve the shielding power of a shidd 
by setting up a toroidal flux of sufficient strength 
to bring the material to the point of maximum 
permeability. It has been shown that this method 
of increasing permeability leads to no appreciable 
improvement in shielding power, (DuBois, Electrician, 
March 11, 1898, Vol. 40, p. 654). The cause of 
the failure of this method lies in the fact that 
the permeability on which the shidding power of the 
shield depends is not normal permeability B/H, but 
differential permeability AB/AH, where AH is the 
new increm^t of stray field, superposed on the pre¬ 
vious fidd H, with corresponding values for A B and B. 
If the shidd be in the non-magnetic condition to start 
with and be subjected to a toroidal magnetization up to 
the point of maximum permeability, and if a weak 
magnetic field be then turned on for the first time, the 
toroidal magnetization does give a slightly greater 
shidding power but a second application of the same 
field is attended by a reduced shielding power. In 
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every case after the first appKcation of the stray field, 
the iron goes through a small uns 3 mimetrical hysteresis 
loop the mean slope of the last side of the loop being the 
value of permeability, AB/AH, which determines the 
final distribution of the flux. Even in the case of the 
first application of the field the improvement is not 
very great, because the values of A H and A B are not 
both positive for the whole ring; in one-half of the ring 
the stray field is opposed to the flux and the correspond¬ 
ing permeability has the value not -f A B/-\-A H, but 
the much lower value — AB/—AH. As the shielding 
power of the shield depends on the final distribution of 
the flux which in turn depends greatly on the differential 
permeability under the working conditions, it follows 
that DuBois’ equation involving the normal permea¬ 
bility B/H, instead of A B/A H, is only a first approx¬ 
imation. 

11. Failurb op the Shield 

In the ultimate analysis the operation of the shield, 
depends on the refraction of the flux lines as they pass 
through the successive surfaces of the shield. If there¬ 
fore the lines of flux in any particular case are either 
strictly perpendicular or strictly parallel to the surfaces 
of the sMeld, there can be no refraction and therefore no 
shielding effect. For example, if one end of a long thin 
bar magnet is inserted inside a spherical shell all the 
lines emanating from the inserted pole will pierce 
through the shield and emerge as if there were no shield. 
If on the contrary a magnet were inserted inside the 
shell with both poles inside, the space outside will be 
almost fuUy protected by the shell. Only a few lines 
in the direction joining the poles will be perpendicular 
to the surfaces of the shell and wiU emerge outside un¬ 
changed; these will be a very small fraction of the total 
lines emanating from each pole of the magnet. As an 
example of parallel flux, we may consider the case of a 
tubular shield with a single wire carrying the current 
along the axis of the shield. The magnetic field at any 
point outside of the shield will be just as intense with the 
shield as without it. These cases of failure do not 
generally occur in practise, but it was necessary to 
mention them just for the sake of a correct theoretical 
understanding of the nature of the phenomenon. 

12. Incidental Shielding 

Imagine a wire carrying a current held in front of a plane 
face block of iron of infinite extent on the opposite side and 
of infinite permeability. The problem is to determine 
the form of the field and the distribution of magnetism 
on the surface of the block. A problem of this kind is 
easily solved by the method of electromagnetic images. 
Imagine the block removed for a time and another wire 
carrying a current of the same magnitude and direction 
located where tiie image of the first wire would have 
been formed if the face of the block had been a mirror. 
Such a current would be an electromagnetic image of 
of the first current; the field at any point in front of the 
block can be obtained by computing the field produced 


by the'two wires separately and obtaining the resultant 
effect. For a point immediately near the block, the 
field would be perpendicular to the face of the block, 
the magnetic surface density at any point of the face 
can be computed from Coulomb’s Law. 

(T = H/4 T (18) 

where H is the field at that point as computed by 
the image method. 

This is the method of magnetic images. For more im¬ 
portant cases occurring in engineering practise see 
Searle (“Magnetic Field Near a Cylinder of Iron,” 
Electrician, Vol. 40,1898, p. 453). 

13. Dynamic Shielding 

Imagine a wire carrying a current held in a magnetic 
field and at right angles to the field. The wire would be 
subject to a side-way pull proportional to the product of 
the field strength and the strength of the current. 
Imagine now a tubular magnetic shield surrounding 
the wire but not touching it. The field inside of the 
shield will be very much weaker and the side-way pull 
on the wire will be reduced in proportion. Suppose now 
that the shield is mechanically fixed to the wire so that 
the wire and shield must move together or not at all. 
The pull on the wire is now as strong with the shield as 
without it. This apparently paradoxical result is due 
to the fact that when the shield moves with the wire the 
lines of flux crossing the space inside the shield move in 
the opposite direction at a rapid rate, with a velocity 
inversely proportional to the weakening of the field. 
Therefore, the rate at which the lines are cut by the wire 
is now the same with the shield as without it. This re¬ 
sult is very important in the study of incidental shield¬ 
ing in the tunnels of a motor armature. It shows that 
while the force acting on the wire and shield is in no way 
diminished by the presence of the shield, the force which 
tends to move the wire relatively to the shield is very 
much diminished so that the insulation of the wire 
separating the wire from the shield does not have to 
bear any excessive mechanical stress. It is as if the 
small material insulation were considerably rdnforced 
by the immaterial ether that fills the space between the 
wire and shield. 

14. Differential Shielding 

The most important practical use of shielding is the 
protection of moving-magnet galvanometers against 
the steady terrestrial field in which they work. The 
galvanometers are generally of the astatic type. In 
practise it is nearly impossible to get the necessary 
exact balance between the two opposing magnets of the 
system. By using a cylindrical shield and adjusting 
it vertically so as to shield the magnets unequally, it 
has been found possible to compensate exactly for the 
inequality of the moving magnets by a corresponding 
inequality of the shielding and thus to increase the 
sensitivity of the galvanometer. This method of 
differential shielding is however not efficient against 
variable stray fields which often occur in practise. 
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Appendix 

MATHEMATICAL THEORY OF ZONAL 
HARMONICS 

15. Zonal Harmonic Coefficients 

In Section 7, a simple spherical harmonic has been 
defined as the potential at any point A due to a har¬ 
monic magnet. A harmonic magnet of any order gives 
rise to a spherical harmonic of the same order. 

(1) Let Mo be a harmonic magnet of the zero order 
of strength Mo, that is, a single magnetic pole of strength 
+ Mo, located at the origin of the coordinate system 
(Pig. 4-0). 

Let the coordinates of A be x, y, or r, 6. Then the 
potential at A due to the pole -f- Mo at 0, is 

Yo = Mo/r (19) 

For unit magnet, (Mo = 1) the potential 

»6 = 1 /r ( 20 ) 

(2) Let Ml be a harmonic magnet of the first order, 
that is, a single short magnet of magnetic moment 
Ml. (Pig. 4-1). 

Let ah be the given harmonic magnet, that is, a 
single magnet with poles H- m and — w, located at 
points a and h on the prime vector, that is, on axis 
X at distances + 5 a; and — 5 a?, so that 2m .bx = Mi. 

We might assume both poles located at 0 to start 
with, and then each displaced over the distance b x, 
+ w to the positive side and — m to the negative side. 
Potential at A due to -|- w at 0 (before displacement) 

Vo == w Po = m/r 

Potential at A after displacement of + m is 


Yo + 5 Vo = w (vo + 5 2;o) 




Similarly for the negative pole — m, at — bx 


Yo-5Yo 


/ dvo'\ ^ 

-“I""- 


resultant potential at A 

■rr / . ®0 ^ \ / dVo ^ \ 

« d^Q ^ ,, dvo 

= = ( 21 ) 

For unit harmonic magnet (Mi = 1 ) 

d Vo 

” dx 

By evaluating the differential we get, 

_ ^^0 _ dr d / 1 \ dr 

^^~dx~^ dr' dx~dr\ r ) * dx 

But when dxi& positive d r is negative, and d r/d x 
= — cos 6, See Pig. 4-1; therefore. 


Yi = - — . (- cos 6) * — cos e 


and Yi = 


Ml. cos 6 


(3) By following the same reasoning, we obtain in 
general, 

d 


^(n+1) — 


dx 


(»«) 


(23) 


. Therefore, by successive differentiation, we obtain 
the series of harmonics of successive orders. 


Yo = Mo. 


(24-0) 


Yi = Ml. —^ . (cos 6 ) 


(24-1) 


Y 2 = Ms. . (3 cos* d — 1) 


(24-2) 


Ya = Ms. . 3 (5 cos® 0 — 3 cos 


(24-3) 


Ya = M 4 . — .3 (35cos4 0- 30cos* 0 + 3) (24-3) 


Yb = Mb . . 15 (63 cos® 0—70 cos® 0 + 15 cos 0 ) 

(24-5) 

Ye = Me. . 45 (231 cos® 0 — 315 cos^ 0 

+ 105 cos* 0-5) (24-6) 

Y 7 = Mt . — . 315 (429 cos^ 0 - 693 cos® 0 
re 

+ 315 cos® 0-35 cos 0) (24-7) 

The corresponding values of «;o, »i, » 2 , etc., for unit 
magnets can be easily obtained by making Mo, Mi, Ms, 
etc., equal to unity. The 0-function factor together 
with the numerical factor in each of the above equa¬ 
tions is called a zonal harmonic coefficient; it is indicated 
by the symbol Z. It may be noted as an aid to memory 
that the numerical factor, together with the numeric^ 
coefficient of the highest power of cos 0 in the paren¬ 
thetic term, make an odd-factorial of the corresponding 
order. For example in the value of Y 7 we have, 
315.429 

= (5.7.9) (3 . 11 13) 

= 1.3 . 5.7.9 . 11 . 13. (seven suc¬ 
cessive odd factors beginning with 1 .) 
Using the symbol Z, the series of harmonics can be 
written in a very compact form. 
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or generally 



Mn 
(«+ 1 ) 


Zn 


(25) 


The power of r being always one degree higher (nega¬ 
tive) than the order of the harmonic. 

Then the potential at A due to the joint effect of all 
the harmonic magnets is, 

Va = Vo + Vi-f-y 2 + T^3 + etc. 


Mq . Zo 
r 


+ 


Mx. Zi 

r 2 


Mi . Zz 

+ »etc. (26) 


The potential Va at any point A, may be thus regarded 
as made up of components Vo, Vi, Vz, Vs, etc., each 
component being a simple spherical harmonic, and being 
the potential at that point due to corresponding har¬ 
monic magnets of strength Mo, Mi, M 2 , etc., respec¬ 
tively. It will be shown later that the potential at any 
point due to any kind of magnetic distribution subject 
to certain limitations can be analyzed into harmonics, 
appropriate strengths being assigned to the harmonic 
magnets necessary for the analysis; that is, the potential 
Va at any point A in space, due to any kind of magnet 
distribution symmetrical with respect to an axis, can 
be analytically expressed by the series 


Va 


Mo Zq 
r 


MiZi 

r2 


Mi Zi 


etc. (27) 


OP = 0 A^JO Q, or a = rVd, or 


Let p be the strength of an imaginary magnetic pole 
at P so related to q, that v = q . a/r = q . r/d. 

Then p is called the geometric image of q in relation 
to the surface of the sphere, because the potential at 
any point on the sphere due to p at P, is the same as 
that due to q at Q. (See Eq. (28).) 

V, = QJAQ^qlL 
Vp = p/A P = p/R 

By the well-known geometric properties of a sphere, 
we have in the triangles AO P, and AO Q 

OP _ OA _ AP 
OA ~ OQ ~ AQ 


or 



therefore, R = L . a/r 
Substituting for p and R in the value of Vp, 


Vp 



r 

L . a 



(28) 


This relation is true for all positions of A on the surface 



Pig. 6—Geombthic and Harmonic Images 


where Mo, Mi, M2, etc., are harmonic magnets of 
determinable streng^s. 

Equations (26) and (27) though identical in form are 
opposed in the mathematical sense. Equation (26) is 
S 3 mthetic: the value of Va is computed from the values 
of Mo, Ml, M 2 , etc., which are supposed to be known. 
Equation (27) is analytic: in this case, Va is supposed 
to be known and the values of Mo, Mi, M2, etc., are to 
be determined by analytical process; that siich an 
analysis is always possible, is the basic idea underlying 
Equation (27), and therefore underlying the theorem 
formulated in Section 6. (For proof of this theorem see 
Section 17.) 

16. Geometric and Harmonic Images 

(1) Geometric Image, (see Pig. 6). 

Let TAT'he the surface of sphere of radius r, and 
with center 0. 

Let Q be a single positive magnetic pole of strength q. 

Let P be a point, inverse to Q, that is so related 
geometrically to Q, that. 


of the sphere. Since p at P produces the same potential 
as g at Q, for all points on the sphere, p is called the 
image of q (geometric) in relation to the sphere. 

(2) Harmonic images: Analysis of magnet pole into 
harmonic images. 

The potential at A due to a pole p at P, is 
V= p/R 

- p . (r® — 2 a r cos 0 -h a^)-^ 


p 1 / 2 a 

“ T • Ll+^(— C0S9-- 
1 3 / 2 o ^ a^ \ 

+ 2 • 

1 B 5 / 2a ^ 

2 • 4 * 6 vT" 

(See Pierce’s Integrals, Table No. 750.) 


— 

7 


•) 


•) 


8 

“f- etc. 


] 
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Expanding the parenthetic terms and rearranging ac- 

a 

cording to powers of we get 

V r ® 

y = -^[n-—(cos«) 

0 ^ 1 

+ y .2 • "2 6 — 1 ) 

a» 1 

+ . -g (5 cos* 0 — 3 cos 6 ) 

+ -^•4 (35cos40-3Ocos2d + 3) 
r* o 

a® 1 

+ (63 cos® 0—70 cos* 0 + 15 cos 0) 

a® 1 

+ . jg (231 cos® 0 — 315 cos^ 0 + 105 cos* 0 — 5) 

a’ 1 

+ —^ . jg (429 cos^0—693 cos® 0+315 cos* 0—35 cos0) 

+ etc. J (29) 

We find that the value of V is made up of a series of 
terms resembling the group of harmonics (Equation 
24-0, -7) except that the numerical factor accompanying 
the 0-function factor is different. These two factors 
together constitute the zonal harmonic coefficient 
(practical), briefly called the “zonal harmonic” and 
denoted by the Symbol P. The published tables of 
harmonics give the values of P, not of Z. It may be 
noted at this point that the two forms of zonal coeffi¬ 
cient are related by a very simple relationship, namely, 

Z„ = w !. P„ (29-2) 

for example, from Equations (24-7) and (29), 

Z 7 = 315 (429 cos'^ 0 - 693 cos® 0 + etc.) (24-7) 

P 7 = ^ (429 cos^ 0 — 693 cos® 0 + etc.) (29) 

therefore, 

Z 7 IP 7 = 315.16 = (5.7.9). (2.4.2) 

= 5.7.3.2.4.6 = 1.2.3.4.5.6.7 = 71 

As an aid to memory it may be noted that the numerical 
factor in P is the reciprocal of the sum of the numerical 
coefficients in the bracketed part of P; for example, 

P 7 = "^(429 cos^ 0 — 693 cos® 0 + 315 cos* 0—35 cos 0) 

here, 429 - 693 + 315 - 35 = 744 - 728 = 16. 

In other words, the numerical factor is such as to make 


P = 1 for all orders when 0 = 0, and cos 0=1; this 
relation makes it very convenient both for the maker 
and for the user of the tables of harmonics, when 
expressed in terms of P instead of Z. For graphic 



Pia. 7-7 

Fig. 7 —^Polab Graphs foe Zonal Harmonics; Subnumbbrs 
Refer to Order of Harmonic 


representation of zonal harmonics, see Figs. 7-6 and 7-7. 

Using the symbol P, Equation (29) can be expressed 
in a compact form 

V = Uo + Ui + U 2 + U8 + etc. 


(30) 
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2. 

r 


.Po + 


p a 

J.2 


• Pi + 


pa^ 

^3 


Pi + 


pa^ 

r* 


orV = 2 l 
orV=.2 ' 

I. 


pa^-Pn 

7l+l) 

Bn • Pn 


of q and d instead of in terms of p and a, as shown in 
Ps + etc. the second form of each of the above equations. 

Since p/r = q/d, and a/r = r/d, we have from Equa- 
(30-2) tions (30) and (30-2) 

(31) y = v„ + y.+ y, + V 3 + etc. 


Q ^ -r. Q 

(31-2) d ‘ d d 


J.2 q y3 

IT • -Pa + ®tc. 


where P„ is an abbreviation for p a”. 

The general term of this series can be expressed as 

pa”.Pn Bn. Pn 


or 


This equation resembles Equation (25), viz. 

Mn.Zn Mn.Pn. n\ 

^ n+l) y*( n+O 

They become identical if 
Bn = Mn. n ! 

Bn _ p . g” 
nl~ n\ 


Mn = 


(31-3) 


(32) 


wherein, Bn and Mn are both independent of r. 

This equation therefore gives the analysis of a pole p 
at the point P inside the sphere, into a series of harmonic 
magnets; the corresponding potential is analyzed at 
the same time into a series of spherical harmonics. 
Each of the harmonics is made up of three factors, one 
factor being a zonal harmonic P«. Equation (32) 
shows that the several terms in the series in Equations 


(33) 

or y = 2 5 r" P„ = 2 (An r« P„) (33-2) 

Where A« is like Bn, an abbreviation constant, and 
stands for q/d^^+^\ An is independent of r, but the 
corresponding value of Mn is a function of r. 

This equation gives the analysis of the pole q at the 
point Q outside of the sphere, into a series of harmonic 
magnets. The corresponding potential is expressed as 
a series of simple spherical harmonics, with the corre¬ 
sponding zonal harmonics as one of the factors in each 
term. 

Note: The above method of analysis of potential 
at a point on the surface of a sphere, due to a pole 
located any where, in terms of Zonal Harmonics, was 
introduced by Legendre. 

17. Analysis op Any Magnetic Field in General 
INTO Component Spherical or Zonal Harmonics 

In the case of two magnetic poles, one inside the 
sphere and the other outside, the potential due to both 
the poles jointly is, 

y = 2 A,, r” P„ -h 2 J5„ P« (34) 


(29) and (30-2) can be identified with the harmonics 
in the series of Equations (24-0) to (24-7) by giving 
appropriate values to M, that is by proper choice of the 
strength of the harmonic magnet required. Thus we 
have 


Mo = p d 


(32-0) 

Mi = p.a - q. ^ 

r2 

d 

(32-1) 

Mi ^ p. a^/2 ! = g.. 1 

/ ^2 ' 

1 d . 

) ./2! 

M3 = p. a* ./3 I = g. ^ . j 

/ y2 > 

1 d j 

(32-2) 

3 

)/8! 

Mi ^ p aV4 ! = q. | 

f r® ^ 

( d ) 

(32-3) 

4 

1/41 


The case of general magnetic distribution does not need 
elaborate analysis. Equation (34) leads to the con¬ 
clusion, that since each point of the distribution has 
its corresponding harmonic magnets, it produces its 
share of potential which on analysis resolves into a 
series of harmonics. The aggregate effect is therefore 
also a sum total of harmonics which resolves itself into 
two groups, one of the type An r" P„, for all the poles 
outside of the sphere, and the other of the type P„ 

Pn for all the poles inside of the sphere, the harmonic 
magnets corresponding to each point, being oriented 
along the radius vector for that point. If the distri¬ 
bution be symmetrical all the harmonic magnets lie 
on the axis of symmetry. Therefore, 

Every symmetrical magnetic distribution can be 
represented analytically by a system of harmonic mag¬ 
nets, l 3 dng on the axis of symmetry which may be the 
prime vector; the potential at any point on the surface 
of an ^bitrarily selected sphere can then be expressed 
analytically by two series of spherical harmonics, one 
series representing the effect of the external distribution 
and expressed by the typical form 


etc. 


(32-4) 

etc. 


The series for V may also be analyzed directly in tfim nsf 


V,-^Anr^Pn (35) 

and the other representing the effect of the internal 
distribution and expressed by the form 
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Vi = Pn (35-2) 

Therefore for the two distributions together we have 
the analytical expression 

V = S An r” P« H- S Pn P« (36) 

This is the basic equation underlying the method of 
spherical harmonic analysis. (See Rucker’s “Shielding 
of Concentric Spherical Shells,” Philosophical Mag., 
1894, Vol. 37, p. 97.) In the case of a simple magnetic 
field, the analysis of the distribution which produces 
that field can be redufeed to two simple terms each of 
the first order, that is, 

y = (Ar + P/r2) cos e (37) 

This potential being produced by two harmonic mag¬ 
nets of the first order, that is by two simple magnets, 
both located at the center of this sphere and oriented 
in the direction of the field under analysis, one magnet 
representing the distribution inside the sphere, if any, 
and the other term representing the extern^. The 
problem of shielding a galvanometer placed in a uni¬ 
form field belongs to the second class; in this case the 
expression for potential on the surface of a sphere 
reduces itself to the single term 

y = Ar cos e (37-2) 

which leads to considerable simplification of the shield 
problem. 


Discussion 

Hans Lippelt: The brightest spots in Mr. Gokhale’s paper 
are certainly the results, which he presents in his own clear fash¬ 
ion and to which he attaches valuable ready-to-use utility. 

The reader will not only absorb with interest the revelations 
of Equations 9 to 17 and their subsidiaries, but will surely enjoy 
the neatness by which these formulas take care of the geometrical 
form of and difference between individual shells. 

The revelation of those formulas that two concentric shells of 
iron, separated by a concentric air space, give a greater shielding 
effect than one solid shell filling all the space with iron, may now 
be explained by the statement, that the magnetic reluctance of 
the outer shell (although higher than that of the solid shell) is 
sufficiently low to take care of the flux. At the same time the 
outer shell carries the flux past the shielded central area at a 
greater mean distance than the solid shell would do. 

The high magnetic reluctance of the air space occurring be¬ 
tween the shells of a two- (or multi-) shelled shield certainly 
comes very much into evidence as the real shielding power, in¬ 
asmuch as the flux encounters a low reluctance (low magnetic 
potential gradient) in the outer shell. 

Therefore, is it not the air space between the shells that does 
the shielding, while the outer shell does the carrying? 

The inner shell, of course, carries only whatever little flux may 
have been crowded inward from the outer shell. 

The air space within the inner shell appears then to be its own 
shield against the remainder of flux, carried by the inner shell. 
We will call this type of shield, which functions upon the low 
gradient of magnetic potential in the adjacent medium in con¬ 
junction with its own high magnetic reluctance, a Magnetostatic 
Shield. 

It is known that for small magnetomotive force (J?) the per¬ 
meability for magnetizable metals is small. With increasing 


magnetomotive force the permeability rises to a maximum, after 
which it falls off again. Since stray fields against which galvanom¬ 
eters and similar apparatus are to be protected, are mostly 
weak fields (H), the question arises as to whether Equation 9 
covers only such weak fields, or whether it holds true when strong 
magnetic fields are to be shielded off. Should the gradient 
d fx/d H, which may be positive or negative,^ be considered in 
applying the formula? 

Since a galvanometer may be moved from one room into 
another location, it may become necessary to check Equation 9 
for reversal of stray field. Traces of hysteresis, which occur even 
in the best iron, may react upon the shield factor and impair 
the accuracy of measurements. 

Hysteresis wiU entail a reversal of sign of fx when H and B re¬ 
spectively change sign. Such change in the sign of p. would 
greatly affect the answer which Equation 9 gives about Ihe shield 
factor. 

All these conditions are better overseen and understood when 
magnetic tension and magnetic friction are taken into account. 
(See A. I. E. E. Trans., 1926, p. 406, under VII.) K instead of 
IX becomes the important factor and there is no reversal of sign 
of K. 

Be it noted that the appearance of fX in formula (9) indicates 
that not only the original field H has been taken care of, but also 
the increase in flux, occasioned through the introduction of iron 
(shell) into that field. 

In Section 9, “Material for Shells,” Mr. Gokhale says: 

“The impulsive nature of the disturbance generates an 
eddy current, which chokes back a part of the flux and pre¬ 
vents it from going through the walls of the shell, thereby 
reducing the efficiency of the shell as is indicated by an im¬ 
pulsive lack of the protected galvanometer.” 

That does not seem quite clear. If the eddy current “chokes 
back” and “prevents the magnetic irhpulse from going through 
the shell,” that wotdd mean demonstrating the efficiency of the 
shell, not reducing it. If the galvanometer gets only a kick out 
of a heavy transient, the shield must have done good work. 

Besides in this case of a transient magfnetic disturbance the 
massive shell itself has acted as a shield through the medium of 
the eddy current, which chokes back part of the flux and prevents 
it from entering the central area. 

Here the shell acts as a magnetodynamio shield and in addi¬ 
tion also carries the flux. 

That laminated shields, rolled with copper spacer, are more 
efficient than the shell made of iron only, needs hardly any fur¬ 
ther explanation, when seen in the light of magnetodynamio 
shielding; I believe that a copper shell placed outside of a massive 
iron shell will render the outfit strongly efficient against magnetic 
transients. 

A better explanation of the subject treated on page 1310, fifth 
paragraph, may be in order. Does pole •\-m move over distance 
d a; in direction of +X, with — m remaining in the origin of the 
system? Or does +w move -^rl^dx and — m move ~ H This 
should be cleared up to make the next paragraph readily under¬ 
standable. 

Similarly the reader should observe that the . term “strength 
of the magnet” is used in two different ways, see page 1309, col. 2. 

The “polar strength m” fits in well with the moment 
M = m. 2 ai Five lines further down one reads of harmonic 
magnet of strength Mi (which is m. 2 o i) and further down .... 
strength of the magnet of nth order ilf» « m.2an -1... 2 a 2 . 2 ai. 
The unit by which to measure such harmonic magnets changes 
by a linear dimension, geometrically, at each step. This is not 
conducive to forming a concrete concept of those magnets; 

In consideration of such conditions it may be said of this paper, 
that the results are admirable. The method, however, consists 
in pressing a very pliable mathematical material into the very 

1. See J. A. Ewing, “Magnetic Induction In Iron & Other Metals," 
Van Nostrand, 1900,3rd ed., pp. 126 and 143. 
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rigid mold of an intricate problem, and thus is a great accomplish¬ 
ment of its own kind. 

S. L. Gokhale: Mr. Lippelt’s first contribution is an effort 
to explain the phenomenon of shielding, once more in terms of 
reluctance. I do not say that it cannot be done, but for reasons 
already explained in Section 4 of the paper, I doubt whether any 
such explanation is worth the effort. The chief merit of the re¬ 
luctance conception is simplicity; its chief demerit is the failure 
to explain the phenomenon in all its phases except at the cost of 
simplicity which is its only merit. Even after a careful study of 
Mr. Lippelt’s comments on this point, I do not feel that he has 
succeeded in combining simplicity with accuracy. 

For example, let us concede for sake of argument that Mr. 
Lippelt’s explanation is correct, and that the most important 
part of the work in the process of shielding is done by the inter¬ 
mediate shell of air space, and that the outer shell merely helps 
the process by providing a by-pass to the flux, and that it should 
therefore be so designed as to be able merely to carry this flux, 
any excess material being merely a waste. It would follow that 
for the most e£S.cient shield the relative thickness of the magnetic 
shells in comparison with the air shells, should be determined by 
the permeability of the material. This is contrary to the corol¬ 
lary from Rucker’s formula which requires the shells to have the 
same ratio p (see Equation 9) for all shells, magnetic and non¬ 
magnetic, irrespective of permeability of the magnetic material; 


Pig. 1 

(see statement following Equation 17). Again I do not suggest 
that it is impossible to account for all these facts by an explana¬ 
tion based on reluctivity; my contention is merely that it cannot 
be done without sacrificing simpUcity, and is therefore not worth 
trying. I only mean that it is not worth trying to explain the 
phenomenon directly in terms of reluctivity, but the best inter¬ 
pretation can be made indirectly in terms of some intermediate 
conception, with the conception of reluctivity in the background. 
This is exactly what Rucker has done in his analysis. After 
writing down the potential equation for a spherical surface in 
general, he selects a boundary surface separating two shells, and 
writes for this surface, the two equations of magnetic refraction; 
the value of H in these two equations is derived from the basic 
harmonic equation (Equation 6) by differentiation. These two 
equations involve the conception of reluctivity, so that we have 
in this method of harmonic analysis not a method opposed to, or 
even independent of the reluctivity conception, but a method in 
which reluctivity is kept out of view to prevent its complicating 
the explanation while pretending to simplify it. 

With reference to hysteresis, it is franMy admitted that Rucker’s 
and DuBois’ formula for shield factor as a function of permeabil¬ 
ity, (B/H), based on the assumption that this ratio is constant, 
is only a first approximation, (see Section 10). A closer approxi- 
mation-requires us to take into account not only the variation in 
the value of permeability according to flux density at every point 


of the shield material, but also the effect of hysteresis, which 
includes differential permeability. Mr. Lippelt says that this 
ought to be done, and I certainly agree with him. But my next 
question is, “Who will bell the cat?’’ Rucker could not do it; 
Du Bois could not do it; I do not expect to be able to make even 
a beginning in that direction. If Mr. Lippelt feels like tackling 
the problem, he is welcome to it. About thirty-five years ago 
Dr. Steinmetz had criticized adversely a scientific paper on the 
ground that it was imperfect inasmuch as it had ignored the third 
harmonic. The original author in his reply acknowledged the 
imperfections and offered the apology that the proper treatment 
of the problem with computation for the third harmonic was be¬ 
yond the reach of the engineering science of the day. Dr. Stein¬ 
metz accepted the implied challenge, made the necessary 
correction, and as a consequence the engineering science was 
enriched by that contribution. If as a result of my apparent 
challenge the scientific world is made richer through Mr. Lippelt’s 
formula for shield factor I shall certainly feel proud of my in¬ 
direct share in the work. 

With reference to the eddy currents and their- effects on shield 
factor Mr. Lippelt’s point seems to be well taken. As I see it now, 
the statement has certainly suffered in point of clearness by at¬ 
tempting too much abbreviation. I hope the following explana¬ 
tion will make clear the nature of the phenomenon: 

Imagine a tube of flux lines going through a spherical shell: 
Some of the lines cross the walls of the shell and penetrate the 
shielded space; but a greater number of lines bend round and 
follow the shell walls, their number depending on the design of 
the shell and on the permeability of the material. The first group 
of lines tends to produce the eddy system Ci, which in turn chokes 
back a part of this group and diverts the lines along the path of 
the second group, thereby improving the efficiency of the shield. 
The second group produces the eddy system which in turn 
chokes back a part of this group and sends it along the path of 
the first group, thereby impairing the efficiency of the shield. A 
third eddy system es, produced jointly by both groups, is un¬ 
important and needs no consideration. The systems ei and et 
have opposing tendencies, and the final result depends on the 
relative strengths of the two systems. If the shell be made of 
massive material, the system ej is very much stronger than ei, 
which greatly impairs the efficiency. If the shell is laminated 
the system et is considerably weakened, but ei is practically un¬ 
affected, the aggregate result being that the efficiency of such a 
shield is nearly as good for impulsive stray fields, as for steady 
fields. For the same, reason alternate sheets of copper lead to 
further improvement of the shields as they further strengthen 
the system ei without strengthening ez. 

With reference to the displacement conception of the harmonic 
magnets. Maxwell prefers the displacement of one pole along the 
axis, the other pole being left undisturbed at the center. I have 
preferred in my computation, equal and opposite displacements 
of both poles (see Section 15, derivation of Equation 21). Math¬ 
ematically, it makes no difference in the final results, and for this 
reason I have left the point unspecified in the definition using a 
more flexible phrase ‘ ‘stretched apart’ ’ without specifying whether 
both or only one was displaced. 

With reference to the “strength” of a harmonic magnet, the 
theoretical definition is implied rather than expressed mainly for 
the sake of brevity. The strength of anything is measured by 
what it can do. The function of a magnet is to produce a mag¬ 
netic field and this function is mathematically best expressed in 
terms of potential. The strength of a harmonic magnet may 
therefore be defined as the potential at some specified point, due 
to that magnet; for practical use, the strength of a harmonic 
magnet is defined as the potential of that point at unit distance 
from the center of the harmonic magnet, and located in the di¬ 
ction of its orientation; a unit harmonic magnet is one which 
produces unit potential at that point. This definition is implied, 
but not explicitly stated by Maxwell. It can be shown that the 




October 1929 


GOKHALE: MAGNETIC SHIELDING 


1321 


value of the potential can be expressed in terms of the strength 
of the poles and the interpolar distances of the harmonic magnet. 
The strength of the magnet therefore may also be defined analyt¬ 
ically in terms of poles and interpolar distances; this is what I have 
done. This mode of defining has the merit of avoiding any ap¬ 
pearance of argument in a circle, involved by first defi nin g 


strength in terms of potential and then expressing potential in 
terms of strength. 

The fact that the linear dimensions of strength vary with the 
order of the harmonic magnet constitutes no valid objection to 
this mode of definition. This peculiarity is inherent in the natiu*e 
of the concept defined. 
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ANNUAL REPORT OF COMMITTEE ON AUTOMATIC STATIONS* 


To the Board of Directors: 

Introduction 

This terminates the second year of the existence of 
this committee. The field of action in which this 
relatively new committee finds itself is so broad and 
has so many inviting by-ways that it has been difiicult 
to outline the work. The engineering in connection 
with the application of automatic control is so fascinat¬ 
ing as to result in so many new ideas being steadily 
developed that the fundamentals are sometimes almost 
overlooked. It is indeed amazing to realize the changes 
in ideas which occur in this branch of the industry in a 
single year. This committee attempts in the following 
report to outline some of the development and offer 
suggestions which are intended to benefit this branch 
of the industry. 

Scope 

The scope of work of this committee covers auto¬ 
matic and partially automatic generating stations and 
substations, the committee having complete jurisdic¬ 
tion over all apparatus associated with such stations. 
In addition the committee has jurisdiction over sys¬ 
tems of remote dispatching, control, indications, etc., 
associated with the industry. The committee is in¬ 
terested in the dissemination of the knowledge and 
experience already gained in the design and operation of 
such equipment and combinations thereof, in order that 
this branch of the industry may bemore fully developed. 

Economical Construction 

The developments of the year indicate a general 
tendency to take advantage of the economical construc¬ 
tion possible with the use of automatic stations. It is 
still hard to realize the radical difference in station 
arrangement and set-up between the old firmly rooted 
manual system of operation and modem automatic 
operation. We are beginning to see, however, that the 
presence of a human mind and body in the Tnannal 
station had a marked effect on station arrangement and 
that mechanical and electrical things were done solely 
because of the safety, comfort, and convenience of this 
human presence. Automatic control has all but elim¬ 
inated this human body and has moved the mind from 
the station to the oflBce of the engineer. 

It is believed that one of the most radical and eco- 
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nomical changes in station arrangement has been the 
elimination of the continuous switchboard. When 
this is studied it is found that there is no longer a neces¬ 
sity for assembling all of the control wiring from remote 
parts of a station at one point at the expense of thou¬ 
sands of feet of wire and conduit just to produce a 
switchboard assembly that makes a nice appe^nce. 

The above is particularly true in a-c. substations 
and hydro-station applications where the details of 
control can and properly should be located as near the 
equipment controlled as is consistent with good fire 
protection and safety. It is now becoming common 
to see control panels located in various places throughout 
a station close to the equipment controlled, thus saving 
considerable in wire, conduit, and hazard. 

Another saving has been realized from the reduction 
in size and in some cases the complete elimination of 
heating plants. 

Ventilation has also been reduced, as in many cases 
a considerable amount of air was required over and above 
that actually required by the station apparatus for the 
comfort of the operating employes. 

The problem of station location has been eased some¬ 
what by the advent of automatic control as stations can 
now be located in places where it would be almost im¬ 
possible to keep operating men on the job on account of 
the absence of what might be considered the proper 
amount of daylight, pure air, water, etc., necessary for 
the continuous maintenance of human beings. 

Research and Development 

Research during the past year has brought forward 
many improvements in detail apparatus which are 
contributing much to simplify the problems of applica¬ 
tion. Careful analysis of operating records disclosed 
the need of more simple means for the adjustment of 
equipment to meet a wide range of applications, par¬ 
ticularly for the calibration of relays. Much has been 
done in this connection with the result that not only 
have improvements in relays simplified matters of 
calibration but by extending the range of application, 
the number of t 3 rpes of relays required has been reduced, 
thus greatly simplifying routine inspection and main¬ 
tenance. 

Simplified and improved supervisory control and 
remote metering systems have been produced as a 
result of experience with several very successful schemes 
in numerous applications. 

Some work has been done in the development of de¬ 
vices for recording operations, quantities, etc., on charts, 
but this appears to be one of the weakest points in 
automatic development. There are devices available 
for recording almost anything desired but either they 
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are insufficiently reliable or their cost is prohibitive for 
extensive applications. 

Simplified schemes of control for the automatic 
switching of rotating apparatus looking toward reduc¬ 
tion in the number of moving parts are being tried out. 
The economics of application are being given a great 
deal of study. On a number of metropolitan street 
railway properties, the items of power consumption 
from the generating stations to the car wheels are being 
c^efully analyzed. Operating voltages best suited to 
given operating areas will be selected and means for 
automatically or remotely controlling the substation 
apparatus for proper adjustment of the voltage to 
operating conditions will be provided. 

Operators and careful analysis of operating results 
are the sources of information which will enable the 
manufacturers to develop new and improved equipment 
and to this end, it is urged that systematic and well- 
kept records be made available on operation, inspection, 
and maintenance. Well operated stations are the 
proving grounds and as essential to progress as the 
laboratory. 

Operating Reports and Inspection 

The predecessors of this committee have stated that 
the art would advance much more rapidly if more 
operating engineers would avail themselves of the op¬ 
portunity at Institute meetings to tell of their individual 
e^eriences, through papers and taking part freely in 
discussion. Your present committee wishes to empha¬ 
size this and add an invitation to correspond freely with 
the members of this committee on subjects of interest to 
the followers of the automatic art. It is felt that in this 
way the annual reports of this committee will be made 
more representative. With this idea in mind your 
committee has this year sent out questionnaires at¬ 
tempting to gather operating, maintenance, and inspec¬ 
tion data from a wide field of experience, covering a 
variety of applications. While these questionnaires 
may be considered a burden by some, this committee 
feels that a great many engineers are vitally interested 
in the subject and are willing to furnish the data 
requested to the end that the art may be more univer¬ 
sally applied and inddentally improved. Some answers 
to the questionnaire have been received but not suf¬ 
ficient to present a recapitulation in the pages of this 
report. This committee intends to turn this partly 
finished work over to its successors with the earnest 
recommendation that they carry it forward. 

Inspection and maintenance of automatic plants may 
be catalogued into two general classifications, equality 
and quantity, depending entirely upon the continuity 
of service expected and demanded of the automatic 
plants, and by the individual managements. 

The word “maintenance” is used advisedly in view 
of the fact that inspection and maintenance are so 
closely allied at times as to be almost inseparable. 

The old phrase, “getting out of a thing what you put 


into it” is exemplified in automatic station operation. 
However, the curve of failures of equipment to function 
plotted against dollars spent on inspection and main¬ 
tenance, is not at all uniform, cost ratio increasing much 
more rapidly as the number of failures declines to the 
zero point. This point is clearly illustrated by a 
member of the subcommittee, and a pioneer in the 
automatic operation of a large metropolitan system, 
who states that two extremes are possible in automatic 
substation operation, under inspection and mainte¬ 
nance, and over inspection and maintenance. 

A plant may be used for such a test, little or no 
inspection and maintenance being given during a pre¬ 
determined period of time, observing the number of 
failures occurring, with their causes. By taking this 
number of failures as the unit, one hundred for example, 
and increasing inspection and maintenance, thefailures 
will diminish rapidly to a point whereby 90 per cent of 
the one hundred will have been eliminated during an 
equal time period. At this point, inspection and 
maintenance can be doubled with the resulting effect of 
the elimination of only a few of the remaining ten 
failures. A happy medium between the two extremes 
is therefore logically assumed the most economical 
method of operation. 

Past and present experience as reported by the 
various operating engineers, seems to disclose the fact 
that to function properly, automatic equipment should 
be given casual and periodical inspections. These 
inspections vary according to the needs and conditions 
of the individual installation, and the severity of ser¬ 
vice. The casual inspections on metropolitan systems 
as reported, are made as often as two hours apart 
during the heavy hours of the day, and two or three 
days apart on other systems and conditions. 

These inspections usually consist in observing the 
functioning of equipment in service, overheated con¬ 
tacts, graphic chart clocks for time, inking, bearings, 
overheating, ventilation, etc. For stations outside of 
metropolitan districts, the casual inspections are like¬ 
wise reported as being made daily on some systems, and 
weekly on others, ran^ng in the average of two or three 
times a week, with a tendency to make fewer inspections 
when the stations are equipped with supervisory con¬ 
trol. The actual time required to make a casual in¬ 
spection is much le^ than the traveling time. 

A startling fact was disclosed when only about half 
of the 23 engineers replying to the questionnaire indi¬ 
cated that they followed any prepared method in in¬ 
spection and testing but relied upon the field Tnan 
entirely. It followed that in these cases no form was 
provided on which the field man could accurately 
report. Results from such a method must surely vary 
with the character and temperament of the inspector 
and cannot possibly be conducive to good operating 
and service results. Many of the replies, however, 
indicated the existence of very closely prescribed test 
and inspection methods along with very complete 



1324 


AUTOMATIC STATIONS 


Transactions A. I. E. B. 


records including Very comprehensive classifications of 
device failures. That sort of practise, if universal, 
would most certainly pay dividends to the industry. 
This year's committee has become so intensely in¬ 
terested in this subject that the thought has occurred 
to attempt the standardization of test and inspection 
methods, forms, and failure classifications. It is felt 
that with standard forms in use this committee could 
be made a clearing house for much valuable information, 
thus permitting the designing engineers to profit by 
the mistakes of others as well as by their own. 

In order to implant the thought we are herewith 
submitting a suggested form. 

STANDARD AUTOMATIC SUBSTATION 
TROUBLE FORM 

Date..__19_ 

---Station No._ 

Device WMch. Failed___ 


Madiine, Transformer or Oircuit Number. 


Nature of Failure.. 


Cause of Failure.... 


Oon6eq.uencea 


How Remedied 


Located By:...._Repaired By :_ _ 

Unit Out of Service from_M._To_M._ _ 

What Load Actually Interrupted and for How Long_ 


What liOad Otherwise Affected and for How Long. 


Copies to: 

V Olabsivioatioji ____ 

□ Improper Adjustment by Mfg. _ 

□ Improper Adjustment by Owner. _ 

□ Improper Application. 

□ Improper Assembly Approvals: 

□ Improper Design. _ 

□ Lack of Proper Inspection by Owner._ 

□ Defective Workmanship by Owner. 

□ Defective Workmanship by Mfg. , 

□ Unforeseen Operating Conditions. 

□ Undetermined. 


By the use of fonns similar to the one herewith 
submitted, several operating companies have been able 
to detect particular devices, schemes of connection, 
etc., which persistently give trouble, and as a result 
have increased the reliability of their equipment to a 
considerable degree by correcting the troublesome 
elements. One company in addition to the classifica¬ 
tion of the failures shown on the form, classifies and 
records the failures under device numbers and types. 

One of the companies sends copies of all trouble 
forms to the manufacturer of the equipment involved, 
thereby giving the manufacturer the opportimity to 
turn the experience into something profitable to both 
themselves and the user. 


Papers 

Six papers were presented to the Institute during 
the year on the general subject of automatic stations 
and were sponsored by this committee: 

Automatic Mercury Arc Power Rectifier Substation on 
the Los Angeles Railway, by L. J. Turley, Spokane, 
Aug. 1928. 

The Automatic Substation—Its Relation to Electric 
Distribution Systems, by S. J. Lisberger, Spokane, 
Aug. 1928. 

Telemetering, by Linder, Stewart, Rex, and Fitzgerald, 
New York, Jan. 1928. 

Automatic Mercury Rectifier Substations in ChicagOf 
by A. M. Garrett, Cincinnati, Mar. 1929. 

Automatic Reclosing of HighrVoltage Circuits, by 
Robertson and Spurgeon, Dallas, May 1929. 

Automatic Transformer Stations of Edison Electric 
Illuminating Co. of Boston, by W. W. Edson, Swamp- 
scott, June 1929. 

Standards 

Standards for automatic stations (No. 26) were 
adopted and issued in 1928. It was realized that in 
view of the rapid progress of this branch of the industry 
it would be necessary to revise these standards from 
time to time. A subcommittee has worked out some 
desirable changes which are not voluminous enough to 
warrant a revision of the Standards as published. 
However, this committee will add to this group of 
changes from time to time, until it is felt that it is 
worth while to present them to the Standards Commit¬ 
tee with recommendations. 

Bibliography 

With the idea that a complete bibliography of 
automatic station literature would be of inestimable 
value to the electrical engineer, this committee pub¬ 
lished as an appendix to its report last year a complete 
bibliography up to the date of the report. A supple¬ 
ment covering literature published from the last report 
to March 1, 1929, is included as an appendix to this 
report. Acknowledgment with thanks is hereby given 
to the Main Library, General Electric Company, for 
this service. 
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N. E. L. A.—Electrical Apparatus Committee. A-C. Substation 

PP- ^Pr- 1928. Serial report 
No. 278-39. The Association. N. T. 

N. K L. A. Etectrical Apparatus Committee Automatic and 
Controlled Substations. N. E. L. A, Proc., YoL 
85, 1928, pp. 670-701. Serial report No. 278-6. 

Newman, K. C., “Induction Motor and Exciter Added to Con¬ 
verter for Automatic Control,” Coal Age, Vol. 33, Apr., 1928, 
pp. 215-16. An installation of the Wheeling & Lalce Erie 
Coal Mining Co., Eillonvale, O. 

Paci^ Coast Electrical Association, Report on Pacific Coast 
Developments in Automatic Hydroelectric Plants. Elec. 
West, Vol- 60,'May 16, 1928, pp. 427-51. Includes a bibU- 
ography, p, 445. 

Packaud, M. P, and Powers, R. B., “Protective Features of 
Automatic Control of Mine Substations,” Coal Age, Vol. 33, 
June, 1928, pp. 401-02. 

Palm, A., “High-Tension and Remote Measurements.” (In 
German.) Blek. u. Masch., Vol. 46, Aug. 19, 1928, pp. 
857-65. 


pEAitsoN, B. P., “Reduces Metering in Unattended Substations,” 
Elec. Wld., Vol. 92, Sept. 1,1928, p. 402. 

Peters, P. W., “Cincinnati Street Railway Company Leads in 
Power System Rehabilitation,” G. E. Rev., Vol. 31, 
May, 1928, pp. 249-56. Describes automatic substation 
equipment. 

Powers, R. E., “Conversion Equipment for Mining Substa¬ 
tions,” Elec. Jour., Vol. 25, May, 1928, pp. 227-31. 

Povnder, H. B., “Some Practical Considerations in the Design 
of Automatic Equipments for Heavy Traction Substations,” 
7. E. E. Jour., Vol. 66, July, 1928, pp. 669-711. Electricity, 
Vol. 42, Peb. 9, 1928, pp. 51-52. Abstract. Elec. Times, 
Vol. 78, Peb. 9, 1928, pp. 199-201. Abstract. Engr., 
Lond., Vol. 146, Mar. 9, 1928, pp. 269-70. Abstract. 
Elec. Rev., Bond., Vol. 102, Feb. 10, 1928, pp. 255-57. 
Abstract. 

PoYNDBR, H. B., “Heavy Traction Substations,” South African 
Engng., Bond., Vol. 39, May-June, 1928, pp. 104-106, 
128-30. Serial. 

PuppiKOPBR, H., “Supervisory Devices for Modem Power Sta¬ 
tions and Substations. (In German.) Schweiz. Elek. ver 
Bui, Vol. 19, No. 21,1928, pp. 694-703. 

Rose, K., “Remote-Controlled Switching on D-C. Networks, 
with Automatic Back-Signal., for Central Stations.” (In 
German.) Siewens-Zeit., Vol. 8, Mar. 1928, pp. 171-75. 

Rotty, 0. J. AND Hough, B. L., Automatic Control of Edison 
Systems as A-jf^lzed in the St. Charles Street Suhstaizon of the 
Union Light and Power Co., A. I. E. E. Quarterly Trans., 
Vol. 47, April 1928, p. 645. 

Samuels, M. M., “Supervisory Control Succeeds,” Elec. WU., 
Vol. *92 Deo. 1928, pp- 1143-45. Results of operation on 
Staten Island Electrical systems. 

Schleicher, M., “Electric Remote Control of Substations. 
(In German.) Siemens Zeit., Vol. 8, Apr., 1928, pp. 781-89. 

Serial. 

Schleicher, M., “Simple Supervisory System for Automatic 


Substations. (In German.) Siemens-Zeit., Vol. 8, Jan., 
1928, pp. 9-14. 

Seeley, H. T., “Automatie Control for Mercury-Arc Rectifiers,” 
G. E. Rev., Vol. 31, Oct. 1928, pp. 537-41. 

Shimazu, Y., “Supervisory Control Systems.” (In Japanese.) 
7. E. E. Japan, Jour., Nov., 1928, pp. 1213-31. 

Shunk, W. C., “Supplying Power through Automatic Substa¬ 
tions,” Min. Congress Jour., Vol. 14, July, 1928, pp. 533-36, 
646. 

Sxarbovik, B. J., “Automatic Substations for Eleotrio Railway 
Service. (In Spanish.) A. I. E. E. Boletin, Vol, 6, Apr.- 
May, 1928, pp. 218-19,237-39. 

Smith, L. M., and Merritt, M. S., “Hydro Power on the Gulf 
Coast,” Elec. Wld., Vol. 91, Mar. 24, 1928, pp. 603-08. 
Pertains ohiefiy to the equipment and functioning of an 
automatic substation serving Mobile, Ala.. 

Spurgeon, S. J., “Non-Supervised Substations,” Elec. Wld., 
Vol. 91, June 2, 1928, pp. 1145-49. Alabama Power Co.’s 
equipment. 

Stern, W., “Innovations in the Field of Remote Measuring 
Apparatus.” (In German.) E. T. Z., Vol. 49, Sept. 6,1928, 
pp. 1326-28. 

Stern, W., “Remote Measurement of Individual and of Com¬ 
bined Electrical Quantities.” (In German.) E. T. Z., 
Vol. 49, Feb. 23,1928, pp. 282-85. 

Stolz, J., “Automatic Switchgear for Network luteroouneotiou.” 
(In German.) Siemens-Zeit., Vol. 8, Jan., 1928, pp. 30-35. 

Strowger, E. B., “Water-Level Gage of the Long-Distance 
Recording Type,” Mech. Engng., Vol. 50, May, 1928, 
pp. 365-67. 

Sutherland, W. F., “Another Toronto Hydro Supervisory 
Controlled Substation,” Elec. News, Vol. 37, May 1, 1928, 
pp. 31-34. Parkdale-Queen Street substation. 

Sutherland, W. F., “Favors Supervisory Control for Substa¬ 
tions,” Elec. Wld., Vol. 92, Aug. 11, 1928, pp. 261-55. All 
recent stations of Toronto hydroeleotrio system are equipped 
with supervisory control. 

Swift, H. L., “Automatic Substations Successful iu Ciucinnati,” 
Elec. Rwy. Jour., Vol. 72, Sept. 29,1928, pp. 597-98. 

Swift, H. L., “Ciucmnati Installs Full-Automatic Supervisory 
Controlled Distribution System,” Elec. Rwy. Jour., Vol. 71, 
Jan. 21, Apr. 28, 1928, pp. 117, 688-92. 

Tauzin, Ch., “Automatic Features iu the Generation and Trans¬ 
mission of Eleotrio Energy,” (In French.) Elec. & Mec., 
July-Aug., 1928, pp. 7-18. The first installment of the paper 
dealing with the automatic features in the generation of 
energy. 

Taylor, F. J., “Antomatic Control of Water Power Plants,” 
Elec. Engr. of Austr. & New Zeal., Vol. 5, Deo. 15, 1928, 
pp. 313-16. 

Vetsch, U., “Hofen Antomatic Hydroelectric Power Station in 
Switzerland,” Brown Boveii Rev., Vol. 15, Aug., 1928, 
pp. 231-37. Mech. Engng., Vol. 50, Nov., 1928, pp. 856-67. 
Abstract. 

Vetsch, U., “Yokawa Automatic Hydro-Electric Power Station 
of the Daido Denryoku,” Brown Boveri Rev., Vol. 16, May, 
1928, pp. 151-57. 

Ward, 0. M., “Automatic Re-fusiug Device Used on Milwaukee 
System,” Elec. Wld., Vol. 92, Nov. 10,1928, p. 934. 

Webb, R. L., “Remote Control Conserves Water,” Elec. Wld., 
Vol. 92, Dec. 22, 1928, pp. 11^9-42. Remote valve control 
water level indioatmg system used at the Bucks Creek 
hydroeleotrio plant of the Feather River. Power Co. 

Wbnslby, R. j., “Economies of Supervisory Control,” Elec. 
News, Vol. 37, Aug. 16,1928, pp. 3436. 

Wbnslby, R. J., “Why of the Televox,” Rubber Service Man, 
Vol. 44, May, 1928, p. 140. Aera, Vol. 19, June, 1928. 
pp. 363-65. 
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West, D. C., “Unattended Operation for Industrial Substar- 
tions,” Jnd. Engng., Vol. 86, July, 1928, pp. 330-32, 370. 

Whitlow, G. S., “Two Automatic Substations Installed in 
Cuba,” Elec. Rwy. Jour., Vol. 71, Mar 3, 1928, pp. 348-50. 
Description of the substations of the Havana Eleetric Rail¬ 
way, Light and Power Co. 

Wilde, K., “New Remote-Measuring Method for Superimposi¬ 
tion on Existing Power and Signal Lines,” (In German.) 
Elek. und Maach., Vol. 46, Nov. 11, 1928, pp. 1060-64. 

ANONVMotrs. “Another Standardized Unattended Substation.” 
Elec. West, Vol. 60, May 1, 1928, pp. 268-69. Describes 
the Orinda substation of the Pacific Gas & Electric Co. 

“Automatic ^d Remote Controlled Motor Equipments.?’ 
Asea-Jour., Vol. 5, Jan., 1928, pp. 2-11. 

“Automatic Electric Substations at Brighton,” Engng., 
Lond., Vol. 126, May25,1928, pp. 649-50. Engr., Lond., 
Lond., Vol. 145, May 25, 1928, pp. 578-80. Elec'n., 
Vol. 100, May 25, 1928, pp. 578-79. Elec. Rev., Lond., 
Vol. 102, May 26,1928, pp. 896-97. 

“Automatic Power Supply for Cincinnati Railway,” 
Elec. Rwy. Jour., Vol. 71, Mar. 17, 1928, p. 443. 

“Automatic Stations Checked via Telephone,” Elec. 
West, Vol. 60, Mar. 1, 1928, pp. 146-47. Ingenious 
shop-made equipment advises nature and extent of 
troubles in unattended stations. 

“Automatic Substations,” Elec'n., Lond., Vol. 100, June 
8,1928, pp. 638-39. Details of plant of Brighton Corp. 
Electricity Dept. 

“Automatic Traction Substation,” Elec. Rev., Lond., Vol. 
102, June 22,1928, pp. 1078-82. 

“Control for Hydro Power Plants.” Can. Engr., Vol. 64, 
May 29,1928, p.561. 

“Glines Plant under Supervisory Control,” Elec. West, 
Vol. 60, Apr. 1,1928, pp. 196-98. Describes the control 
equipment of 13,333-kv-a. automatic hydroelectric 
plant of the Northwestern Power & Light Co., near 
Port Angeles, Wash. 

“Graphic Integrating Device of the Amsler Type, for 
the Continuous Remote Recordii^ of Water Level and 
Water Flow.” (In French.) GSnie Civ., Vol. 92, 
May 5,1928, pp. 437-40. 

“Largest Automatic Hydroelectric in Canada Goes into 
Operation,” Power, Vol. 67, May 1, 1928, pp. 789-90. 

“Louisville’s 100,000-EIw. Automatic Hydro Station,” 
Elec. Wld., Vol. 91, Mar. 10,1928, p. 525. 

“Louisville 100,000-Kw. Automatic Hydroelectric Plant.” 
(In French.) Rev. de L'Elec. <fc ilfec.. No. 2, Nov.- 
Dee., 1928, pp. 46-48. 

“Manless Power Station at 238th Street and Spuyten 
Du3rvil Road, New York City,” Sd. Am., Vol. 139, 
Deo. 1928, p. 542. 

“New Automatic Substation,” Elec. Rev., Lond., Vol. 102, 
May 18,1928, p. 886. Elec'n., Lond., Vol, 100, May 18, 
1928, p. 561*. Railway substation at Dudley Hill, 
Bradford, England. 

“New Automatic Substation in Aldwyoh,” Engr., Lond., 
Vol. 146, Deo. 7, 1928, p. 640. Elec. Rev., Lond. Vol. 
013, Dec, 14, 1928, pp. 1011-12. Elec’n., Lond., Vol. 
101, Dec. 7, 1928, pp. 649-61. Equipment was pro¬ 
vided by the General Electric Co., Ltd. 

“New Automatic Substations,” Elec. Rev., Lond., Vol. 102, 
May 25, 1928, pp. 896-97. Elec. Times, Vol. 73, May 
17, 1928, pp. 694r-96. Details of three substations at 
Brighton. 

“New Automatic Switches.” (In German.) Siemens- 
Zeits., Vol. 8, Jan., 1928, pp. 36-46. 

“New Ohio River Power Plant of Louisville Hydroelectric 
Co.,” WcUer Works, Vol. 67, Mar., 1928, pp. 123-26. 

“Orinda Standardized Unattended Substation,” Elec. 
West, Vol. 60, May, 1928, pp. 268-69. 


“Portable Automatic Substation Aids in Maintaining 
Service,” Elec. Wld., Vol. 91, Mar. 31, 1928, p. 665. 
Equipped by the Canadian Westinghouse and operated 
by the British Columbia Electric Railway. 

“Reading Electric Meters over Telephone Circuits,” 
Power Plant Engng., Vol. 32, July 1,1928, pp. 749-50. 

“Remote Indication of Water Level,” Elec. Wld., Vol. 92, 
Nov. 24,1928, p. 1046. 

“Residence-Type Automatic Railway Substation,” Elec. 
West, Vol. 60, Mar. 1,1928, p. 163. Dimbar substation 
of the British Columbia Rwy. Co., Ltd., Vancouver, 
B.C. 

“Serving a Large Customer,” Elec. Wld., Vol. 92, July 14, 
1928, pp. 71-73. Includes some details of the unat¬ 
tended Rundel substation. Consumers Power Co., 
Mich. 

“Substation Design Simplified by Unit Block Plan.” 
Elec. Wld., Vol. 92, Nov. 3,1928, p. 891. 

“Supervisory Control on Melbourne Electric Tramways,” 
Austr. Elec. Times, Vol. 7, May 28,1928, pp, 369-71. 

“Supervisory-Controlled Substations of the Bombay, 
Baroda & C. I. Railway,” Met. Vick. Oaz., Vol. 11, 
Oct. 1928, pp. 88-97. 

“3000-Kw. Automatic Substation,” Engng., Lond., Vol. 
126, Dec. 21,1928, pp. 785-86. Electrical equipment of 
the General Electric Co., Ltd., for the Charing Cross 
Electricity Supply Co. 

“Water-Level Gage of the Long-Distance Recording 
Type,” Mech. Engng., Vol. 50, Aug. 1928, pp. 614-17. 

“Water-Level Indications Transmitted Long Distances,” 
Power, Vol. 67, June 6,1928, pp. 1030-31. 

“Westinghouse Automatic Mining Substations,” Can. 
Min. Jour., Vol. 49, Feb. 3,1928, pp. 108-09. 

1927 

Lbnehan, B. E., “Load Indication by the Current Balance 
Method,” Power Plant Engng., Vol. 31, Sept. 16, 1927, 
pp. 989-91. 

Knapp, W., “Distant Reading Electrical Measuring Equipment 
of the Municipal Slaughter House at Bad Kissingen,” 
Siemens-Schuckert Rev., Vol. 3, No. 6,1927, pp. 121-25. 

Waed, O. M., “Supervisory System Saves Transformer,” Eke. 
Wld., Vol. 90, Nov. 19,1927, p.’1034. 

Anonymous. ‘ ‘World’s First Automatic Oil-Electric Generating 
Station,” Oil Engine Power, Vol. 5, Dec., 1927, pp. 811-16. 
A small automatic plant supplying energy for the town of 
Seward, N. Y. 


Discussion 

Chester Lichtenber^: The “Economic Construction” por¬ 
tion of the committee’s report calls attention to a new scheme, 
that of taking the switching units and putting them around the 
substations and generating stations. It might be interesting to 
call attention to the fact that this is a very distinct advance in 
design, whether for substations or generating stations, because it 
almost eliminates the control wiring and conduit. This reduces 
the cost of the station and eliminates the necessity for a separate 
switchboard room or switchboard gallery. 

Under “Development,” I had hoped that the Committee would 
list something about wiring symbols, because operators and 
manufacturers are having a great deal of trouble now getting the 
same wiring symbols for the same devices and for the same 
applications. 

Telemetering is mentioned. The statement is made that it is 
relatively new, the devices are insufficiently reliable, and the costs 
are prohibitive for extensive applications. It is true the tele¬ 
metering is relatively new, but the costs are being rapidly 
reduced. It is also true that the reliability of the equipment is 
improving. Some of the newer designs are just as reliable as the 
present-day voltmeters, ammeters, and watthourmeters. The 
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accuracy of telemetering is very nearly of the same order as that 
of conventional recording and indicating instruments. It is not 
quite equal to their accuracy, however. This is because, first, 
an indicating or recording instrument or its equivalent is used 
for originating the telemetering impulse, and second, the equiva¬ 
lent of an indicating or recording instrument is used for receiving 
the impulse. Consequently there are at least two instruments, 
sometimes three in series and, therefore, the errors are 
Bumulative. 

One of the difficulties about telemetering is misapplication. 
The manufacturer is not always given an opportunity to suggest 
the best design for a particular application, and sometimes is 
forced to go too far in advance of the art. 

Another interesting item is in connection with supervisory 
equipment. Telephone relays or telephone-type relays are be- 
Boming more generally used. One thing about supervisory sys¬ 
tems that is causing trouble is lack of standardization of voltage. 
One manufacturer supplies 24-volt lamps and another 48-volt; 
one uses 60 volts and 24 volts and another 48 volts. Probably the 
Committee on Automatic Stations ought to take this matter 
under advisement during the coming year. 

It is interesting to note under “Development” that practically 
all of the mercury are rectifiers which have been placed in service 
since 1927 have been made automatic. Only a few are manual. 

It is also interesting to note that there are automatic stations 
in practically every country in the world. In this connection the 
British PHectileal and Allied Manufacturers Association has asked 
our cooperation in making American standards uniform for Great 
Britain. 

Nothing has been said this year about the miniTmim protection 
of apparatxxs. It is believed that the Committee on Automatic 
Stations for 1929-30 ought to give this subject some con¬ 
sideration, because it may be that the mim'rmTm protection to 
be required of apparatus may be reduced over present recom¬ 
mendations. 


H. P. Sleeper : In this report reference is made to the matter 
of the importance of keeping accurate reports of operating re¬ 
sults, particularly troubles which are experienced. I should like 
to add a plea to the reference and cite our own experience in 
connection with the keeping of operating records. 

Approximately two years ago a system of reporting apparatus 
troubles on special forms provided for the purpose was instituted 
in our company. This form is filled out in the field and summa¬ 
rized in the general office. It contains all data pertinent to the 
identification of the apparatus involved such as serial, style, 
voltage, etc., together with a brief explanation of the trouble and 
its cause. These reports from all over the system are sximmarized 
types and classes of apparatus and a summarized report is 
made annually. 

This system of reporting apparatus troubles has been found 
to be invaluable. It is particularly useful to detennine where 
the maintenance forces should concentrate their work in order 
to secxire proper operation. It fxirthermore quickly picks out 
defective points in equipment by noting similar oases of trouble 
on equivalent types of equipment and enables the manufacturers 
to detect weaknesses that show up only under operating condi¬ 
tions. It further serves the purpose of enabling a very fair com¬ 
parison to be made between similar equipments on the basis of 
operating results. By noting faults on a given type of equipment 
against inventory records on all equipment in use of that type, it 
is possible to reduce such records to a percentage basis and hence 
a very fair analysis is obtained on similar types of equipment 
made by different manufacturers. 

I believe that a procedure similar to this should be carefully 
kept by all operating men as the results to be obtained are not 
only of local benefit but are of mutual benefit among operating 
companies because of the improved product which may be ob¬ 
tained from the manufacturers as a result of the operating records 
which are thus obtained. 



Electrical Gominunication 

ANNUAL REPORT OF COMMITTEE ON COMMUNICATION* 


To the Board of Directors: 

During the past year considerable progress has been 
made in the various branches of electrical communica¬ 
tion engineering. The Committee on Communication 
submits the following report as a summary of the princi¬ 
pal developments. 

Telephone Transmission 

Work on improved telephone transmitting and re¬ 
ceiving apparatus and amplifiers by the Bell System 
has made possible the completion of a new telephone 
tr ansmiss ion reference system, two copies of which have 
been built. One has been installed in New York in the 
Bell Telephone Laboratories, and the other in Paris 
under the. auspices of the International Advisory 
Committee on Long Distance Telephony. The manu¬ 
facture of these two reference systems forms a basis 
for world-wide agreement on the fundamental standards 
to be used in judging telephone transmission. A de¬ 
scription of this equipment is given in a paper entitled 
Master Reference System for Tdephone Transmission, 
by Messrs. Martin and Gray, scheduled for presentation 
at the 1929 Summer Convention. 

Agreement has also been reached on the use of the 
fundamental unit of transmission, named the “bel.” 
The transmission unit which has hitherto been used 
in this country is one-tenth the size of the bel and will 
therefore be known as the “decibelit will be continued 
in use in this country. 

At the Winter Convention of the Institute, a paper 
on the subject of Vector Presentation of Wave Filters was 
presented by Messrs. Mallina and Knackmuss.^ 

Telephone Service Improvements 

With the increase of approximately $275,000,000 
in telephone plant investment for the country for 
the year 1928, toll telephone conversations increased 
per cent over 1927. The handling of these toll 
calls has been improved, both as regards speed and 
clearness of voice transmission. Toll calls are now 
handled on the average in 1.2 minutes and in over 96 
per cent of the cases the subscriber remains at the 
telephone. Over 97 per cent of the long toll messages 
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1. A. I. E. E. Quarterly Tbans., Vol. 48, April 1929, p. 582. 
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scott, Mass., June ^4-^8,1989. 


are carried out without evidence of transmission difii- 
culty or interruption. 

Important developments in long distance telephone 
communication in Canada included the completion 
during 1928 of direct circuits between Montreal and 
the maritime provinces, between Toronto and Win¬ 
nipeg, and between Calgary and Vancouver. 

In several of the larger cities of the United States, the 
practise of telling the time of day to subscribers who 
call the number designated for this service has been 
initiated. 

Dial Telephony 

The dial service was rapidly extended, the number 
of dial telephones in the United States increasing approxi¬ 
mately 600,000 during the year, with about 18 per cent 
of the total stations now on this basis. 

This expansion in the service requires continued 
development work and in the dial system areas, gen¬ 
eral use of mechanical tandem equipment is rapidly 
extending. This applies not only to the largest areas, 
but to others as weU; and to step-by-step areas as well 
as to panel. 

For areas in which step-by-step equipment is used, 
the dial system “B” boards have been initiated. 
These boards make dials unnecessary on manual “A” 
positions which are required to operate into dial offices. 
Such equipment has been found satisfactory in opera¬ 
tion, and its use is spreading. 

Carrier Systems 

The most important advance in the art of carrier 
current telephony over telephone lines during the last 
year was the extensive application of short-haul 
single-channel carrier systems. About 200 of these 
were manufactured and installed, providing approa- 
mately 20,000 mi. of carrier circuit in place of wire 
stringing. This system was described in detail by 
Messrs. Black, Almquist, and Ilgenfritz at the Pacific 
Coast Convention in Seattle in a paper entitled Carrier 
Current Systems for Short Toll Circuits.^ 

The important advances which have been mentioned 
for the past few years in the annual reports along earner 
current lines were described in detail in a paper entitled 
Carrier Systems on Long Distance Telephone Lines, 
presented at the Summer Convention in Denver by 
Messrs. Affel, Demarest, and Green.® This paper 
also gave data showing the steady increase in commer¬ 
cial applications of these carrier systems. 

In the field of carrier current communication over 
power lines there has been continued progress in im- 

2. A. I. E. E. Quarterly Tbans., Vol. 48, January 1929, p. 117. 

3. A. I. E. E. Quarterly Tbans., Vol. 47, October 1928, 
p. 1360. 
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proving designs and at the same time increasing the 
simplicity of operation. Additional installations of 
carrier telephone equipment are continuing at a normal 
rate, and this type of equipment has a well defined place 
as a reserve means of communication. In several cases, 
particularly on high-voltage superpower systems, power 
companies are making use of carrier communication 
for dispatching purposes. This is particularly true in 
isolated locations where the commercial telephone 
plant has not developed sufiiciently to meet the require¬ 
ments for continuous service. 

Interesting data on power line carrier current working 
are contained in the following papers: Power Line 
Carrier Telephony, by Messrs. Fuller and Tolson, and 
Problems in Power Line Carrier Telephony, by Messrs. 
Wolfe and Sarros, presented at the Pacific Coast 
Convention; Transmission of High-Frequency Currents 
for Communication over Existing Power Networks, by 
Messrs. Boddie and Curtis, and Carrier Current and 
Supervisory Control on Alabama Power Company's 
System, by Messrs. Robinson and Woodcock, presented 
at the Atlanta Regional Meeting.^ 

Telephone Plant 

An outstanding feature in the past year has been 
the rapid extension of toll cable, there having been 
placed during the year about 2500 mi. of toll cable 
including more than one and one-third million miles 
of conductor. The continuous toll cable network now 
extends along the Atlantic seaboard north to Bruns¬ 
wick, Maine and south to Greensboro, North Caro¬ 
lina. Westward extensions on several separate routes 
have been carried to St. Louis, Missouri, and Daven¬ 
port, Iowa. In Canada, the Hamilton-Buffalo and 
Toronto-Oshawa links have been completed. 

An electrical alarm system has been developed for 
indicating the presence of moisture in telephone cables, 
as shown by low insulation. This system consists of 
a vacuum-tube alarm device which is connected suc¬ 
cessively after a suitable charging interval for a period 
of approximately 60 sec. to various conductors in the 
cable. To avoid interference with working circuits 
the test is made from the midpoint of the repeating 
coil on phantom circuits. 

For the local plant, a cable has been developed con¬ 
taining 1818 pairs of 26-B&S gage wires. This com¬ 
pares with a previous maximum capacity of 1212 pairs. 
The new fine gage cable will be particularly useful in 
conserving duct space in congested metropolitan areas. 

With the increasing demand for poles used in the 
construction of power and communication lines, new 
sources of supply must be developed. Mr. Lindsay’s 
paper Utilization of LodgepoU Pine Timber for Poles,^ 
presented at the Summer Convention in Denver, 

4. A. I. E. B, Quarterly Trans., Vol. 48, January 1929, pp. 
102, 107, 227, and 214 respectively. 

5. A. I. E. E. Quarterly Trans., Vol. 47, October 1928, 
p. 1364. 


describes’;,the method of selecting and using lodgepole 
pine, which has not hitherto been used to any appre¬ 
ciable extent for this purpose 

Telephone Equipment 

A new form of information desk designed for greater 
convenience of reference and improved speed of answer 
has been developed. Improvements, particularly in 
connection with telephone booths and telephone sta¬ 
tion units, have been made and will result not only in 
better and more convenient apparatus but also in pro¬ 
viding greater usefulness. 

Improved dial system equipment particularly 
adapted for small private branch exchanges was made 
available during the year. This equipment has asso¬ 
ciated with it a small cabinet for desk mounting, which 
takes the place of a section of switchboard and is 
arranged so that the attendant’s services are not 
required for disconnection, thus improving the over-all 
service and operating economies. 

Private branch exchange equipment adapted to the 
requirements of large residences has also been 
developed. This equipment is intended to provide 
various special features which are in demand and also 
to introduce some improvements and simplifications. 

The Bell System is experimenting with company 
operation of private bran^ exchanges with a view to 
improving this branch of the service. 

To facilitate improvements in toll service to small 
outlying offices, a series of small power units par¬ 
ticularly adapted for use in such offices to supply a 
few telephone repeaters, carrier terminals or telegraph 
circuits was developed. 

Developments in Materials 

The basic conception of the insulating properties 
of textile insulation has been investigated by the engi¬ 
neers of the Bell System and it has been found that by 
suitable purification processes, the insulating properties 
can be materially improved. The process and results 
are described in a paper entitled Purified Textile In¬ 
sulation for Telephone Central Office Wiring^ by Messrs. 
Glenn and Wood. A companion paper by Messrs. 
Williams and Murphy on the subject Influence of Moisture 
andElectrolytesupon Textiles as Insulators^ was presented 
at the same meeting. 

During the year, the use of cellulose acetate has been 
extended materially, both in solid form and for impreg¬ 
nating textiles used in telephone work. Cellulose 
acetate is the base of the best grades of artificial silk, 
is non-inflammable, and has other valuable mechanical 
and electrical properties. 

An important development of the Bell Telephone 
Laboratories has been a series of alloys of iron, nickel, 
and cobalt, known as the ^’perminvars.” This develop- 

6. A. I. E. E. Quarterly Trans., Vol. 48, April 1929, p. 576. 

7. Ibid. p. 568. 
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ment is an outgrowth of the earlier discovery of perm¬ 
alloy. The new alloy has not only high initial 
permeability, but its permeability is constant to a 
remarkable degree. Its properties indicate that it 
will be very serviceable in certain types of communi¬ 
cation equipment and systems. 

Airways Communications 

An experimental trial of rapid telephone methods for 
collecting the necessary weather data is now being con¬ 
ducted in California by the Weather Bureau with the 
cooperation of the Guggenheim Foundation and the 
Pacific Telephone and Telegraph Company. 

Another adaptation of wire services to airways com¬ 
munication is the use of telephone typewriter service. 
A number of installations has been made both for local 
communication at the airport and for communication 
beween airports. 

A description of a successful system of guiding air¬ 
planes along fixed airways during fog or low visibility 
was given in a paper entitled Uses of Radio as an Aid to 
Air Navigation,^ by Dr. J. H. DeUinger, presented at the 
Winter Convention. 

Wire Line Systems for Broadcasting 

In the June 1926 report of this committee, mention 
was made of the fact that long distance wire lines 
were coming into use for enabling good programs to 
be made available at a number of widely separated 
broadcast stations. This use of wire lines in connection 
with broadcasting has increased tremendously and the 
circuits regularly in use for this purpose on January 15, 
1929 served more than 110 radio broadcasting stations 
and included more than 28,000 mi. of telephone circuit. 
In addition, over 40,000 mi. of telegraph circuit were 
also in use for control purposes. 

Frequency Control in Radio 

With the growth which is occurring in the number of 
radio channels, especially those operating at the higher 
frequencies (short waves), the ability to set the channels 
accurately in the frequency spectrum and to hold them 
to theirassignedfrequenciesduringoperationhas become 
of fundamental importance. Substantial contributions 
have been made during the past year or two in improved 
methods for accurately measuring frequencies and in the 
practical working out of the quartz-crystal oscillator con¬ 
trol for transmitting stations. Most of the more impor¬ 
tant broadcast stations of the United States are now crys¬ 
tal-controlled, whereby their frequencies are maintained 
with an accuracy of the order of =t 50 cycles. Stations 
not equipped with such control sometimes find difficulty 
in staying within a i 500-cycle limit. The majority of 
the more important short-wave transmitters of the 
world are likewise using crystal control but due to the 
imperfections of the arrangements in practical use, 
much interference exists between these short-wave chan¬ 
nels. Laboratory advances made during the past year 

8. Ibid,, p. 563. 


in the crystals themselves, including the manner of cut¬ 
ting them and of controlling their variation with tem¬ 
perature, as well as improvements made in the circuit 
arrangements for employing them, will reduce this 
interference as these methods become more generally 
available in practise. 

A frequency meter has been developed which reads 
radio frequencies directly on an indicating instrument. 
This operates on a heterodyne principle in which the 
standard circuit is controlled by a piezoelectric crystal 
oscillator. The accuracy is 100 cycles in a million. 

Railroad Train Radio Equipment 

Further progress has been made in the application of 
radio communication between front and rear ends of 
railroad trains. In a recent installation, modulated 
continuous wave transmission at a wave length slightly 
over 100 meters is used and reliable communication is 
obtained. While the main principles employed remain 
unchanged, much has been done toward solving the 
design problems involved. 

Transatlantic Telephony 

The most outstanding phases of transatlantic tele¬ 
phony during the past year were the very substantial 
growth which occurred in telephone traffic and the ex¬ 
tension of service to all points in Germany, Holland, 
Belgium, Switzerland, and Spain, and to one city in 
northern Africa. Certain other important points were 
reached also, such as Paris, Copenhagen, Stockholm, 
and Vienna. The extension to Paris was very impor¬ 
tant, as about 25 per cent of the traffic is to or from Paris 
as compared to 50 per cent to London and from 5 to 
10 per cent to Berlin. On the American side, the service 
was extended to nine cities in Mexico, seven of the 
more important cities in Western Canada, and to all 
points in the provinces of Ontario and Quebec. 

To facilitate the operation of the circuit, printing 
telegraph machines are now used during intervals be¬ 
tween telephone calls for the purpose of passing ‘‘ticket 
information’^ regarding the calls and for transmitting 
other messages relating to the service. 

In June 1928 a second two-way circuit was brought 
into service. The radio portion of this circuit uses very 
short waves^ 16 to 33 meters in length, as contrasted 
with the long waves used for the other transatlantic 
circuit. The circuit is arranged to be used either inde¬ 
pendently or in combination with the older circuit, and 
experience has shown that the combination of long and 
short wave circuits gives a greater over-all reliability 
than with the same number of facilities operated on 
either long or short waves. It is expected that the in¬ 
creasing use and further development of transatlantic 
telephony will require further facilities. 

During the year the research engineers of the Bell 
Telephone Laboratories have perfected a means of 
making a transatlantic telephone cable. Until now a 
submarine cable of this length has been impossible as 
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current sufficient to carry speech could not be sent by 
submarine cable such long distances, because the de¬ 
vices which are used on land for amplifying the speech 
currents, such as loading coils and repeaters, could not 
be attached to the wire under water. This cable when 
constructed will not only substantially increase the 
telephone facilities for transatlantic communication 
but will also provide a circuit of maximum reliability. 

Transatlantic Telegraphy 

One of the accomplishments in the communication 
field during 1928 was the successful laying of the Bay 
Roberts-Horta duplex loaded cable by the Western 
Union Telegraph Company. This cable differs from 
loaded cables previously laid by that company in that 
the loading material is Mu-metal instead of permalloy, 
put on in the shape of wire instead of ribbon as formerly 
used. In order to permit of successful balancing for 
duplex operation, the cable is fully loaded only on the 
mid-section. Towards the ends, the amount of loading 
material is decreased until the shore ends proper have 
no loading material whatever. The cable was designed 
to give a speed of 1000 letters per minute duplex, or 
2000 letters per minute simplex, but tests made thus 
far upon the cable indicate that these speeds may be 
exceeded. 

Printing Telegraphy 

The expansion in the telephone typewriter service 
has been marked by the installation of more than 3000 
printing telegraph machines during the past year. 
Special circuits and switching arrangements have been 
developed for use by the subscribers in interconnecting 
the lines used with these types of machines. A number 
of these switching arrangements has been installed to 
meet the special requirements of customers where a 
switched tj^ewriter service somewhat similar to that 
given with telephone instruments associated with 
private branch exchanges is needed. These arrange¬ 
ments enable a quick communication service to be 
obtained and at the same time have the advantage of 
giving a written record of such communications. 

Printing telegraph instruments of the same general 
character as those mentioned in the preceding para¬ 
graph are also being used in rapidly increasing numbers 
by the commercial telegraph companies, about 6000 
having been installed during the past year. In this 
field for the transmission of telegrams the principal 
application of the machines is on lines connecting main 
and branch offices of the telegraph company with each 
other and with customers’ establishments. The major 
switching problem involved is the concentration of 
numerous lines of this character for efficient traffic 
handling by a group of central office operators. Equip¬ 
ment recently installed permits the concentration of 
one hundred or more lines so as to be accessible to any 
required number of operators. 

Excellent progress was made during the year in the 
joint development by the Teletype Corporation and the 


Western Union Telegraph Company of a high-speed 
ticker capable of operating at 500 characters perminute. 
Installation of this new ticker and its associated equip¬ 
ment will take place during 1929 in the New York Stock 
service. The same machine will be used by the Tele¬ 
graph Company and by the New York Quotation 
Company, which is the official operating company of 
the New York Stock Exchange. 

In the field of trunk-line message circuits between 
cities, which are usually operated by high-speed multi¬ 
plex printing telegraph apparatus, an important de¬ 
velopment of the past year has been the extension of 
metallic circuit working. Most earlier attempts have 
required the use of two line wires for each metallic 
circuit. In the system now successfully used by the 
Western Union Telegraph Company, three high-speed 
metallic circuits are obtained from each group of four- 
line conductors without carrier frequencies. 

Facsimhe Transmission 

A considerable increase in the use of the telephotog¬ 
raphy service of the Bell System resulted from com¬ 
mercial arrangements made during the year. Under 
these arrangements, the leading telegraph companies 
collect from and deliver to the public photographs, 
diagrams, and other facsimiles which are transmitted 
over the telephotograph circuits. 

The Westinghouse Electric and Manufacturing 
Company reports that an apparatus has been developed 
for facsimile picture transmission which is considerably 
more rapid than the existing commercial systems. It 
is expected that this will be available for sale in a com¬ 
paratively short time. 

Television 

What appears to have been the most significant 
advance in television made during the year was the 
development of equipment for the transmission of 
images of outdoor scenes illuminated by sunlight. A 
public demonstration of this equipment was given at 
the Bell Telephone Laboratories on July 12, 1928, at 
which time action scenes, such as a tennis player going 
through his strokes, were successfully transmitted. 

An improved photoelectric cell of greater sensitivity 
and a more efficient optical system for scanning were 
employed. 

Sound Pictures 

The year 1928 saw wide extension of sound-picture 
systems throughout the theaters of the United States, 
and^ the equipment of the important studios with re¬ 
cording apparatus for producing both disk and film 
records. The light-valve method of recording sound 
on films was introduced commercially, and altogether, 
during the year about 2000 sound projector equipments 
were put into use in motion picture theaters in the coun¬ 
try. Also improvements in frequency range of record¬ 
ing and reproduction were made during the year, 
and electrical systems for the accurate speed control of 
the projector equipment were utilized in the reproduc- 
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ing systems. Field equipment, as distinct from studio 
equipment, was developed for recording, as was also 
portable projector equipment. The first educational 
sound-picture film, a production of the Bell Telephone 
Laboratories, made its appearance during the year, 
developing the principles of carrier-current telephony, 
particularly modulation and filtering. This film was 
projected before several scientific and educational 
audiences. 

Municipal and Protective Signaling 

There has been a considerable increase in electrical 
signal devices for traffic control. Synchronous control 
of such signals along a street or throughout a section 
appears to be growing in favor Progress has been 
made in the application of signals which normally 
permit a steady flow of traffic along a main thoroughfare 


but subject to manual or automatic reversal on the 
approach of traffic from a side or cross street. 

For small fire alarm systems, an improvement of the 
past year has been the introduction of electrical sirens 
that can be coded satisfactorily. The various defects 
of former types have been overcome to a great extent, 
and further development will lie probably in provisions 
for emergency power supply to ensure operation even 
if the public electrical supply should be deranged. 

An increase is noted in the use of police signaling 
systems. The older local battery systems are being con¬ 
verted to central energy operation in some cases. 
There is also a tendency of banks and other financial 
institutions to connect their protective circuits and 
vault alarm systems to the police signal circuits. Some 
expansion has also taken place in the interurban tele¬ 
type signaling systems mentioned in last year’s report. 



Education 

ANNUAL REPORT OF COMMITTEE ON EDUCATION* 


To the Board of Directors: 

The continued rapid increase in scientific knowledge 
and in the diversity and complexity of the engineering 
applications and the engineering responsibilities, com¬ 
bine to make the four-year engineering program a less 
and less adequate preparation for effective engineering 
work. 

This situation is not peculiar to the engineering pro¬ 
fession. The medical and the legal professions have 
been confronted by a similar situation and to meet it 
they are requiring students aspiring to those professions 
to remain on the college campus for a period of 6 years, 
and after that to serve an apprenticeship of 6 months 
or a year as a law clerk or a medical interne. 

The study of engineering education conducted by 
the S. P. E. E. has disclosed the fact that very few 
teachers or engineers propose to meet the situation by 
requiring all engineering students to remain upon the 
college campus for a fifth or sixth year. Before in¬ 
creasing the length of the engineering course for all 
students, the engineering profession first proposes to 
try out thoroughly an alternative method. 

This alternative method is to encourage the com- 
parativdy few graduates of the four-year engineering 
course who are possessed of the requisite interest, 
ability, and financial means, to continue in residence by 
enrolling in the Graduate Schools, and to encourage the 
majority, who will continue to enter at once upon their 
engineering apprenticeships, to continue their educa¬ 
tional efforts in a more systematic manner and to a more 
definite end than at present. 

Of all the possible educational movements in which 
the Institute Committee on Education might engage, 
none seemed to the committee to have greater possi¬ 
bilities of advancing the standards of professional 
attainment and proficiency than this movement to 
stimulate interest in the systematic continuation of 
engineoing education after college and to make ade¬ 
quate provision for a program of post-college education. 

The full development and realization of the great 
possibilities of post-college education will require the 
cooperation of the engineering profession with the 
industries and the colleges, and it seemed to the com¬ 
mittee that it could render its most effective service: 

1st, by seeking to bring the thought of the Institute 
membership to bear upon the possibilities and the 
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problems of post-college education and upon the respon¬ 
sibilities of the profession relative to this period of 
training; 

2nd, by seeking to stimulate the local Sections to 
promote this movement by setting to work to canvass 
or inventory the post-college needs and the educational 
facilities of their districts and to coordinate the two; 

3rd, by seeking to act as a center through which a 
knowledge of distinctive and effective developments in 
the field of post-college education may be made known 
generally. 

The views and the aims of the committee have been 
stated in a brief article entitled The Post’CoUege Edutca- 
tion of Engineers, which appeared in the April, 1929 
issue of the Journal. In this article it is suggested 
that the local sections, particularly in the industrial 
centers in which Colleges of Engineering are located, 
each appoint a Committee on Education. It is sug¬ 
gested that the function of the section committee on 
education be to canvass the needs and the wishes of the 
engineers of the district, particularly the younger 
engineers, and to make these needs and wishes articulate 
by bringing them to the attention of the college adminis¬ 
trations, or the industrial managements, or the engi¬ 
neering authorities in the district in the form of explicit 
statements such as the following: We have a group of 
20 men who will enroll in a course in differential equa¬ 
tions, to meet one evening a’week for a year, or 15 men 
who will enroll in a course in advanced circuit theory, 
or 30 men who will enroll in a course in engineraing 
economics. What provision can be made to meet the 
needs of these men? 

A fully developed program of post-college education 
will mean a large and important expansion of the work 
of the colleges of engineering and will play an important 
part in the development of engineering teachers. 
This post-coUege training will compel and will reward a 
broader and more thorough training than is common in 
the teaching ranks today. It will afford greater 
opportunities to determine the adequacy, the relative 
importance, and the real significance of the principles 
and the methods taught to undergraduates. It will 
make teaching attractive to a wider range of engineers 
by making it possible for men in teaching to have closer 
contact with engineering practise. 


Discussion 

F. C, Caldwell: Professor Bennett has spoken of the dis¬ 
cussions that were held at Columbus last week and has brought 
out the emphasis that was put on two grades of education not 
included in the ordinary college curriculum. The statement was 
made by Dr. Wickenden in his report on the investigations made 
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under the allspices of the Society for the Promotion of Engineer¬ 
ing Education that not much fault had been found with the four- 
year college course as it is now being given. Some minor changes 
were suggested, but nothing of great importance. It was sug¬ 
gested, however, that there are two other levels of education that 
needed cultivation. Professor Bennett has emphasized one of 
these, the graduate level. The other is also interesting. It was 
stated that in Europe the so-called technical schools were sending 
into the industry three or four times as many men as the universi¬ 
ties, whereas, in this country, the number supplied by such insti¬ 
tutions as Pratt Institute and Wentworth Institute was only a 
fraction of the number supplied by the colleges. I foresee that 
we are going to find in the coming years a greater and greater 
shortage of college trained electrical engineers. We may look 
for no considerable increase and possibly for a decrease in the 
number of electrical graduates, unless something happens to 
change the present trend. 

There is no notable growth in the total number of students 
going into the engineering colleges. The selection of their cur¬ 
ricula by most high-school boys has not much rational basis. 
During recent years, the electrical engineering courses have had 
more than the.ir share of the students. This has doubtless been 
partially due to the popularity of radio among boys of high-school 
age; this popularity, however, is probably waning somewhat. 

On the other hand, there is the great development of aero¬ 
nautics; most high-school boys want to fly, and many are looking 
to the opportunities for training in aeronautics given in the 
universities. 

The mechanical engineering departments of the universities 
are developing their courses along those lines and during the next 
few years there is likely to be a trend away from electrical and 
toward mechanical engineering; first, because of the decreasing 
interest in radio on the part of the boys, and, second, because of 
the increasing interest in aeronautics. This may develop a rather 


critical situation for the electrical industry. About a third of 
the students who enter the engineering colleges graduate. The 
other two-thirds fall by the way, either because they are not able 
to keep up the pace or for fiaancial or other reasons. 

The problem is to find some way by which those men who drop 
out now can be given a training more effective because better 
adapted to their mental capacity, in other words, to do just what 
is being done in Europe. These men must be provided with a less 
theoretical training, which would also suit better some of the men 
who do now graduate. Some of these do not get much advantage 
out of the more theoretical work of the upper years. They barely 
get by and have very hazy ideas of what they have studied. 

If industry can realize this situation, can create a demand for 
men with a lower grade of training and can bring about or help 
to bring about the organization of schools of suitable grade, then 
we may be able to make the supply of trained electrical engineers 
go around. Perhaps the universities also may be induced to give 
training of this lower grade. 

Charles Ficklenbur^: Speaking from a manufacturing 
standpoint, one of the difficulties that we have found in engineer¬ 
ing graduates is the lack of mechanical engineering graduates who 
wish to go into electrical manufacturing. We find that the struc¬ 
tures for carryii^ the electrical parts require a very high degree 
of mechanical knowledge and we find it increasingly difficult to ob¬ 
tain from the colleges graduates who have the necessary electrical 
knowledge as well as the necessary mechanical knowledge. 

We can put down very easily the electrical characteristics; we 
can solve those electric characteristics, but when it comes to 
mechanical stiucture to carry the electrical conductors, the mag¬ 
netic circuit and the like, we are woefully weak. 

So I should like to make a plea to the Committee on Education 
and through them to the colleges that more stress be placed upon 
teaching students the mechanical features and limitations, rather 
than purely theoretical electrical subjects. 



Electrical Machinery 

ANNUAL REPORT OF COMMITTEE ON ELECTRICAL MACHINERY* 


To the Board of Directors: 

The Committee on Electrical Machinery has func¬ 
tioned under an organization similar to that of last 
year, that is with subcommittees commissioned to 
handle all the matters of a particular type of equipment 
that properly belong to this committee. These sub¬ 
committees were as follows: 

Direct-Current Machinery, Mr. H. L. Zabriskie, 
Chairman; Induction Motors, Mr. P. L. Alger, Chair¬ 
man; Rectifiers, Mr. B. G. Jamieson, Chairman; 
Synchronous Machinery, Mr. S. L. Henderson, Chair¬ 
man; Transformers, Mr. W. M. Dann, Chairman. 

A special subcommittee with Mr. C. M. Gilt as 
chairman was commissioned with the preparation of 
the annual report. 

The proposed standards of the I. E. C. on “Rating 
of Electrical Machinery” were referred to the com¬ 
mittee for advice. There was a number of minor 
differences between them and those of the Institute, 
which the committee believed could be readily adjusted 
without violating established principles of standards 
of either European or American practise. However, a 
few features (hffered so fundamentally from accepted 
American practise that the committee recommended 
strongly against approval of them. Among the most 
important items to which objections were raised were 
the higher temperature rise permitted for transformers, 
the generally lower temperature rise allowed for 
commutators, and the permissibility of tolerance in 
those guarantees of performance, such as efficiencies, 
that are accepted in this country as limits rather than 
calculated expectations. 

The committee has continued its work associated 
with the preparation of material for recommendations 
for new standards or modification of existing standards. 
Included in the recommended modifications of the 
Transformer Standards was an appendix designed to 
outline operation by temperature rather than rating. 
These reduce the hot spot temperature from 105 deg. 
to 95 deg. except when operating according to name 
plate rating with ambients above 30 deg. and do not 
pemut an increase in output beyond that permissible 
at 0 deg. cent. 

The recommendations for Standards for Constant 
Current Transformers have been practically completed 
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and it is expected that these will be presented for 
further action shortly. 

It has become evident that some equipment and 
engine builders have been somewhat skeptical of the 
value of the conventional efficiencies of rotating equip¬ 
ment, particularly those of low-speed engine type 
generators and motors in which windage and bearing 
friction are excluded, and have been assuming input- 
output efficiencies much below those actually obtained. 
Steps have been initiated to clarify this situation and 
plans are being formed to include an arbitrary but 
small allowance for such of these losses as may be 
properly included, when they are not actually measured. 

The increase in use of enclosed ventilated rotating 
equipment with self contained or separate fans has 
indicated the necessity for more satisfactory rules 
governing the allocation of ventilating losses. The 
problem has been accentuated by electrical ship pro¬ 
pulsion in which the losses in the external ducts may 
be a large or even major portion of the ventilating 
losses. An endeavor is being made to formulate rules 
for the allocation of these losses that will be basically 
sound and readily applicable. 

At present there are no Standards for a-c. com¬ 
mutator motors and their importance, both in the 
single-phase and multi-phase types, has grown to the 
point where the committee has undertaken the prepara¬ 
tion of material for standards. Studies have been 
conducted in the stray load losses of induction motors 
so that a reasonable allowance may be included when 
not determined by test. Other modifications of the 
present Standards are under consideration. 

Mercury arc rectifiers have been actively studied and 
records of performance and characteristics assembled. 
Bases of rating have been somewhat uncertain, and it 
has become evident that the present Standards for 
Transformers are not entirely applicable to trans¬ 
formers used with rectifiers, due particularly to the 
non-sinusoidal current and voltage waves imposed by 
the rectifier. Ground work for the preparation of 
Standards has been well laid. 

It has been felt that there is need for a well recognized 
test code in the electrical field as has been established 
in some other fields. Each of the manufacturers has 
his own test code, and some of the users have developed 
or adopted test procedures, but there is no common or 
generally recognized code. The committee has there¬ 
fore recommended that such a code be prepared and 
issued by the Institute. 

At the Winter Convention, two sessions were 
sponsored by the committee. .One session was devoted 
to the induction motor, including the capacitor motor, 
which has recently come into prominence due to the 
requirements for high power factor low starting current 
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single-phase motors for household devices. At the 
other session the following papers were presented. 
Insulation Tests on Electrical Machinery before and after 
Being Placed in Service) Effect of Transient Voltages on 
Power Transformer Design; Transient Analysis of A-C. 
Machines; Two-Reaction Theories of Synchronous Ma¬ 
chines; Influence of Temperature on Large Commutator 
Operation. 

No radical departure in size or design of apparatus 
has been evident during the last year, but there has 
been a gradual upward tendency in ratings and effi- 
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ciencies. Refinements in design and improvements in 
materials have increased the output per pound of mate¬ 
rial, usually accompanied by lower losses. In some 
lines factory methods are rapidly being changed by the 
substitution of structural and rolled steel parts for 
castings, and it is expected that these changes will be 
more obviously reflected in designs as advantageous 
modifications become evident. While the maximum 
nominal operating voltage has not been extended be¬ 
yond 220 kv., the upward trend of voltage has been 
evident in large equipment, both in the static and rotat¬ 
ing fields. More specifically, some of the trends and 
typical examples of recent developments are outlined 
in the following paragraphs. 

Transformers 

Transformers, while apparently well stabilized in 
tsrpes of construction, have increased in size, and their 
already small margin of losses has been further reduced. 
Efficiencies have been obtained as high as 99.71 per 
cent at three-quarters load in a 45,833-kv-a. output, 60- 
cycle, single-phase, self-cooled auto transformer having 
a voltage ratio of 15,940 to 7970 and 99.54 per cent at 
half load in a 40,000-kv-a., three-phase, 60-cycle self- 
cooled two-winding transformer having a ratio of 
29,000/13,800, 

The manufacturers have recently extended their 
special studies and investigations in high voltage and 


high voltage disturbances. As an example of work 
being done along these lines, the testing facilities of the 
General Electric Company at Pittsfield have been 
increased to include a “lightning generator'^ capable of 
delivering 5,000,000 volts, which is higher than any 
voltage so far measured on any transmission line, and 
the Westinghouse laboratory is able to produce over 
3,000,000 volts. 

Investigations of the manufacturers into the effects 
of distribution of impulse voltages on transformer 
windings have been carried on actively by means of 
kiydonographs, cathode ray oscillographs, and surge 
voltage recorders. These indicate that the distribution 
of the voltage varies with the frequency and the physi¬ 
cal arrangement of the transformer and lightning 
impulses and high frequencies may build up very high 
local voltages within the transformer windings. 

To eliminate uneven distribution and high local 
stresses, the General Electric Company has developed 
and put into service a new type of transformer which 
has been called “non-resonating.” Published tests 
indicate that in the “non-resonating” transformer the 
voltage distribution is approximately uniform and the 
same for high frequencies and impulses as it is for 
operating frequencies. These results are obtained by 
the use of special shields connected to the line terminals 
but external to the windings, so that the necessary 
charging current can be supplied directly to the various 
coils rather than indirectly through the line end coils. 




Pig. 2—Separate Regulating Transformer for 11 Per 
Cent Regulation on a 50,000-Kv-a., Three-Phase, 24,000- 
Volt Circuit 

The first of the “non-resonating” transformers have 
been in operation about two years. 

The studies of the Westinghouse Company have led 
them to believe that a very satisfactory distribution of 
voltage is obtained throughout the windings of their 
transformers when exposed to lightning conditions and 
have increased their confidence in the reliability of their 
transformers at such times. 

The use of load ratio control which has been pre¬ 
viously described, has materially increased and the 
manufacturers have simplified their design and reduced 
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che dimensions of equipment so that it may now be 
secured on the transformer tanks and requires very 
little more floor space than that necessitated by radia¬ 
tors. In this equipment the voltage ratio may be 
changed under load and the same type of switching 
equipment in conjunction with regulating transformer 
windings may be used to obtain phase angle control 
where necessary. 



Pig. 3 — 43,333-Kv-a. Powek Tbansformbr— 60 Cycles, 
Single-phase 220/69/13.2 Kv. with Load Ratio Control for 
THE 69-Kv. Winding and Auxiliary Unit Type Air-Blast 
Equipment 

For the Plymouth Meeting Station 

Forced air ventilation, supplementing self-cooling, 
has been used in a number of installations. This is 
particularly effective in large self-cooled units in de¬ 
creasing the radiator surface required for maximum 
ratings while still permitting operation of the self- 
cooled unit without the blower losses at moderate 
ratings. Two types of equipment are furnished, one 
of which consists of a single blower piped to all the 
radiators of the transformer, and the other of small 
individual blowers and housings that are added, one 
to each radiator. 

Three-winding transformers have continued in popu¬ 
larity in the large capacity units, and the Westinghouse 
Electric and Manufacturing Company reports that 
nearly half the large power transformers ordered from 
their company in 1928, were of the three-winding type. 

Tsnpical of the most notable installations of large 
units, may be mentioned the following: 

An83,333-kv-a. output, three-phase, 25-cycle water- 
cooled auto-transformer having an equivalent trans¬ 
former capacity of 49,200 kv-a. was installed by the 
Buffalo General Electric Company. The unit was 
supplied by the General Electric Company and prob¬ 
ably concentrates in one unit the largest kv-a. output 
so far undertaken in transformer construction. The 


high-voltage winding consists of two circuits, each of 
which is to be connected to a separate section of the 
station bus* The windings are so arranged that a 
short circuit on one winding tends to raise the voltage 
of the other, which aids in maintaining the voltage of 
the other bus section. 

The largest self-cooled transformer reported con¬ 
sists of 40,000 kv-a., three-phase, 60-cycle, transformers 
supplied to the United Electric Light and Power Com¬ 
pany of New York by the Westinghouse Company. 

Six single-phase, 15,000-kv-a. water cooled 25-cycle, 
three-winding transformers with a voltage ratio of 
220/110/132 kv. with both low-voltage windings of 
full capacity, are probably physically the largest 25- 
cycle units yet supplied and weigh over 175 tons each. 
Tap changing under load with 73^ per cent buck and 
boost was furnished for the 110-kv-a. windings. They 
were supplied to the Hydro-Electric Power Commission 
of Ontario by the Canadian Westinghouse Company. 

Two banks of 60-cycle single-phase transformers 
having a self-cooled rating of 33,333 kv-a. per trans¬ 
former and a rating of 43,333-kv-a. per unit with 
auxiliary air blasts were installed by the Philadelphia 
Electric Company in the Plymouth Meeting Substation. 
They are Westinghouse three-winding transformers 
with voltage rating of 220 kv. star H. V., 69 kv. star 
M. V., 13.2 kv. delta L. V, They are equipped with the 
older type of load ratio control to give 15 per cent 
regulation in six 23 ^ per cent steps in the 69-kv. 
winding. 



Fig. 4 —Core and Coils of a 40,000-ICv-A.. Self-Cooled 
Power Transformer—^Three-Phase, 60 Cycles, 29/13.8 Kv. 

FOR USE WITH A PrEQUENCY-ChANGER Set 

At the United Electric Light and Power Company 

Two three-phase air-blast transformers supplied the 
New York Edison Company by the General Electric 
Company have extended the rating of air blast units so 
far produced. Each is rated 18,500-kv-a., 25-cycle, 
11800/3300/440 volts, and will operate in conjunction 
with a 40,000-kw. induction synchronous frequency- 
changer set. 

Attention has been given to the problem of low cost, 
small power supply from high-voltage lines, and a 
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standard “substation” has been made available for 
use on 66,000-volt grounded neutral systems with a 
capacity of 15 to 50 kv-a. single-phase. The unit 
consists of an over insulated single bushing trans¬ 
former with a combined disconnecting switch fusable 
cut-out and current limiting resistor for the high-ten¬ 
sion winding. Metering equipment, cutouts, and 
arrester are included in the 2300-volt connections. 



Pig. 5—^20,833-Kv-a. Power Transformer—60 Cycles, 
Three-phase, 120/120 Kv. Showing Load-Ratio Control Side 
For the Detroit Edison Go. 

High-Voltage Metering 
The Philadelphia Electric Company has placed in 
operation metering equipment for measuring the power 
supply at full voltage on the 220-kv. line connection 
with the Pennsylvania Power and Lighting Company. 
The equipment consists of three units each containing 
single-phase current and potential transformers con¬ 
nected between line and grounded neutral. Similar 
installation has been made by the Appalachian Elec¬ 
tric Power Company consisting of two units of current 
and potential transformers. The potential trans¬ 
formers are designed for use on a 220-kv. three-phase 
system with a neutral either free or grounded. Both 
of the above equipments were furnished by the West- 
inghouse Company. 

Regulators 

The Westinghouse Company has brought out a new 
design of outdoor type regulator aimed to make the 
installation of these units more convenient. An out¬ 
door covering has been provided which can be removed 
complete by unscrewing the eyebolt. Doors are pro¬ 
vided for giving access to the motor and other auxil¬ 
iaries, with a window in front for viewing the position 
indicator. A centralized lubricating station is included 
with alemite fittings to lubricate all bearing surfaces 
not immersed in oil. The weatherproof box containing 
the relays and control auxiliaries and a neutral return 
and manual return switch is mounted on the front of 


the tank. All six power leads are carried up through 
the cover into a separate compartment at the rear of 
the hood, where the instrument transformers are 
connected. 
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Synchronous Machines 

The tendency toward larger machines has continued 
in the field of water wheel generators, but there has 
been no increase in size of single or multiple shaft tur¬ 
bine generators beyond those previously reported. 

The use of fabricated machines has been considerably 
eictended and the more important parts such as frames, 
bearing brackets, and rotor spiders of practically all 
machines are built up from steel plates and rolled 
members. Some welded bearing pedestals have been 
built, but the use of cast pedestals still predominates. 
Castings still hold their own for small standard 
machines. 

Experience is being accumulated in the use of quick 
response excitation and speeds of increase in exciter 



Pig.7—16,000-Kv-a. Power Transformer—^25 Cycles, Single- 

Phase, 120/65/13.2 Kv. All Windings Full Capacity 

voltage are now available which are considerably in 
excess of those required for most operating requirements. 

More operating experience has been obtained with 
hydrogen cooled condensers. This type of machine 
is particularly adaptable to hydrogen cooling, as the 
bearings can be placed inside the housing, thereby 
eliminating the difl&cult problem of sealing the shaft 
against leakage. The application of this kind of cool¬ 
ing to many a-c. machines has proved practical, but the 
extent of its use depends on economic considerations. 
The increase in cost for the enclosures and hydrogen 
equipment must be balanced against the reduced 
losses and probable longer insulation life. In many 
cases a high capitalization of losses will justify the extra 
cost, but there are some classes of machines, with the 
more complicated mechanical structures, to which this 
system of cooling is nbt yet applicable. 

The design of high-voltage machines has been ad¬ 
vanced this year, and several generators to operate at 


22,000 volts have been built by the General Electric 
Company. The Westinghouse Company is now build¬ 
ing a75,000-kv-a. 23,000-volt generator. This has been 
made possible by refinements in manufacture and care 
in application of existing insulating materials, rather 



Pig. 8—50-Kv-a. High-Voltage Transformer Installation 
FOR Rural Service 66000/2300 Volts 

than through the development of new types of insula¬ 
tion. The manufacturers feel that the building of 
machines for these voltages has reached a stage where 
their use is a question only of the balance of cost against 
operating advantages. 



Pig. 9—^New Outdoor Type Induction Regulator 

The Parsons Company in England has designed and 
built a 25,000-kw., 3000-rev., 33,000-volt generator 
of great interest by reason of the way in which the 
problem of insulating for such high voltage was solved. 
The conductors in the several slots are concentric tubes 
with simply the innermost insulated for the terminal 
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voltage. The outermost has a small amount of insula¬ 
tion and stands adjacent to the neutral. This generator 
is reported to be operating satisfactorily in the Brims- 
down Power Station, London. 

The scheme of using two independent parallel wind¬ 
ings has been applied by the General Electric Company 
to two large alternators. This allows the two windings 
to be connected to adjacent bus sections and the re¬ 
actance between the windings is available to perform 
the duty of reactors between bus sections. On certain 
installations a material saving in switching equipment 
<»n be made in this way. 

A great deal of progress has been made in designing 
large machines of all classes to operate at speeds 
higher than were formerly thought possible. 

Hydraulic Generators 

Fourwate^:wheel generators,larger than any yet built, 
were ordered from the General Electric Company by 



Fig. 10—^Fabricated Stator Frame and Upper Bearing 
Bracket for 33,000-Kv-a. Vertical Water-Wheel Genera¬ 
tor, Assembly Incomplete 


the Dnieprostroy Hydroelectric Development of Rus¬ 
sia. These machines will deliver 77,500-kv-a., 3- 
phase, 50-cycle, 13,800-volt power at 88.2 rev. per 
min. Fabricated construction will be used in all 
principal parts such as frame, upper and lower bearing 
brackets, and rotor spiders. 

The following list comprises the more important 
machines ordered or installed during the past year. 


Purchaser 

No. 


Speed 

Manufacturer 

Dnieprostroy Hydro-electric 
dev. 

4 

77,600 

88.2 

G.E. 

Lexington Power Co. 

4 

40.625 

40,000 

138 

West. 

G.E. 

Phlla. Elect. Oo. 

4 

81.8 


3 

40,000 

81.8 

West. 

New England Power Co.... 

4 

39,000 

138 

West. 

Brazilian Hydroelec. 

1 

33,000 

126 

G.E. 

Southern Oallf. Edison. 

1 

35,000 

376/460 

G.E. 

Alabama Power Co. 

2 

29»000 

100 

West. 

Norwood Electric Oo. 

2 

27,600 

90 

A. C. 

city of Los Angeles. 

1 

26,000 (Hor) 

143 

A. C. 

Montana Power Co. 

2 

26,000 

81.8 

West. 

Norwood Electric Co. 

1 

22,600 

76 

A.C. 


Many of the above units have high-speed excitation 
systems to provide greater stability during system 
disturbances. 



Fig. 11 —^25,000-Kv-a., 143-Rev. Per Min., 50-Ctcle Hori¬ 
zontal Water-Wheel Generator with Welded Plant 
Steel Yoke 

For the Oity of Los Angeles 


The vertical Westinghouse and Allis-Chalmers units 
are of the so-called ‘^umbrella^" or “overhung” type, 
with guide and thrust bearings located together under 
the generator rotor. In this way, the guide bearing is 



Fig. 12—Rotor Spider of Fabricated Steel Plate Con¬ 
struction FOR 12,5(X)-Kv-a. Generator for Frequency 
Changer 

brought nearer to the center of gravity and the neces¬ 
sity for an oil circulating system is eliminated. This 
scheme is especially suited to machines whose diameter 
is large compared to the height. 
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The Conowingo units have been installed since last 
spring. Tests on the General Electric units showed an 
efficiency of 98 per cent at unity power factor and full 
load. 

The generators for the Brazil Hydroelectric Company 



Pig. 13—40,000-Kw., 81.8 -Rev. per Min. G-enerators at the 
Conowingo Development 


Steam Turbine Generators 

There were no orders placed this year for any ex¬ 
ceptionally large units, either single shaft or compound. 
A number of orders was received for machines ranging 
from 60,000 to 75,000 kv-a. 

The use of fabricated structure has been extended 
by all the manufacturers. Some of the machines have 
been so designed that a change to hydrogen cooling 
can be accomplished if it should be found desirable. 

Several of the large units mentioned in last year’s 
reports have been or are being installed and some of 
them are in operation. Among these are the following: 


Purchaser 

Kv-a. 

Speed 

Voltage 

Shaft 

Manufacturer 

State Line Gen¬ 
erating Oo. 

United Elec. Lt. & 

235,000 

1800 

22,000 

3 

G. E. 

Pr, Oo. 

188.400 

1800 

13,800 

2 

West. 

United Elec. Lt & 

Pr. Oo. 

188,250 

/LP1200 \ 
\ HP 1800 / 





13,800 

2 

A. B. B. 

Amer. Gas & Elec. 





< 

Oo. 

187,000 

160.000 

1800 

1500 

11,000 

11,400 

3 

1 

G.E. 

G.E. 

N. Y. Edison Go.. 
Brooklyn Edison 


1800 




Oo. 

137.500 

13,800 

2 

West. 

So. Oalif Sdison 

Oo. 

100,000 

1500 

16,500 

1 

G.E. 

Union El. Lt. & 


Pr. Oo. 

83.333 

1800 

13.800 

1 

G. E. 


were the largest ever built for a foreign customer prior 
to the order for the 77,500-kv-a. machines for Russia. 

The 33,000-kv-a. machine for the Southern California 
Edison Company is of unusual design as it is rated at 
375 rev. per min., 50 cycles but can be run at 450 rev. 



Pig. 14 — ^7500-Kv-a., 225-Rev. per Min. Vertical Water- . 

Wheel Generator 

per min., 60 cycles. Its stability was increased by 
making the short circuit ratio higher than usual. 

The Westinghouse Company has brought out a new 
line of small generators, using structural steel pai;ts. 
The line includes rating from 62.5 kv-a. to 3000 kv-a. 
with speeds of 100 to 400 rev. per min. The upper and 
lower bearing brackets, together with the rotor spiders 
on the slow speed machines, are fabricated. 



Pig. 15—160,000-Kw. Cross-Compound Turbo Generator 

AT Hell Gate 

The first 61,765-kv-a. 22,000-volt generator of the 
Super Power Co. of Illinois at Powerton, has been in 
operation since August 1928 and the company states 
that its operation has been entirely satisfactory so far. 

The General Electric Co. has built or is building 
several 12,500-kw., 3600 rev., generators for high-pres¬ 
sure (1200-lb.) turbines. Most of them are 0.8-power 
factor or 15,625-kv-a. machines. Two generators for 
unity power-factor operation will be mounted on top 
of the respective main 1800 rev. generators. 

Westinghouse has built a 12,500-kv-a. 3600-rev, per 
min. machine with self contained fans of novel design. 
These fans have a double entrance which is said to 
increase their efficiency materially. 
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A 7500-kv-a. turbo generator with hydrogen cooling 
has been placed in experimental operation at the 
Westinghouse plant. The tests indicate a 25 per cent 
increase in rating for the same temperature rise above 
that obtained when operating in air. 

Synchronous Motors 

The design of synchronous motors has been con¬ 
siderably advanced, particularly in securing higher 



Fig. 16—160,000-Kw. Ceoss-Compotjnd Turbo Generator 

AT Hell Gate 

efficiencies and better torque characteristics. The 
latter are being selected to fit particular applications 
as more data become available on the starting and 
operating requirements. 

There has been a considerable increase in the use of 
synchronous motors for the following class of equipment: 

Air and ammonia compressors 
Tube mills 



Fig. 17 —Rotor op 160,000-Kw. Single-Shaft Turbine 
Generator, Weight 261,000 Lb. 

Ball mills 
Vacuum pumps 
Water pumps 
Pulp grinders 
Rubber mills 
Steel mills 
Jordan engines 

The Westinghouse Elec. & Mfg. Company his built 
two 1000-hp., 180-rev. per min. high-torque motors for 


cement mill drive. These machines are of salient pole 
construction but have polyphase damper windings con¬ 
nected through slip rings to external resistors for start¬ 
ing in the same manner as a slip ring induction motor. 

Fig. 20 shows a 5000-hp., 82-rev. per min. synchro¬ 
nous motor for steel mill drive by Westinghouse. This 
is one of the largest horizontal machines built with 
fabricated construction. 

The first two speed motors with 2 to 1 speed ratio 
for compressor drive have been placed in operation. 
These motors have been previously described by the 
General Electric Company. 

Ship Propulsion Synchronous Motors 

During the year, the S. S. Virginia was placed in 
service and work started on the S. S. Pennsylvania. 
These vessels will ply between New York and San 
Francisco at a speed of 18 knots. They have a dis¬ 
placement of a little over 30,000 tons and are propelled 
by two 8500-hp., 120-rev. per min., 4000-volt syn- 



Fig. 18—94,000-Kw. Tandem Compound Turbine Generator 

AT Long Beach 

chronous motors. Work was begun on two 6300-hp., 
120-rev. per min., 3000-volt motors for a Grace Liner, 
and on four 8000-hp., 143-rev. per min., 3150-volt 
motors for two Ward Liners. All of these ships are 
motored with General Electric Company equipment. 

Synchronous Condensers 

No outstandingly large condensers have been ordered 
during the past year, but much progress has been made 
in reducing losses, increasing speeds, quickening excita¬ 
tion, and applying hydrogen cooling to commercial 
machines. 

The Westinghouse Elec. & Mfg. Co. has built two 
30,000-kv-a. condensers for the Philadelphia Electric 
Company. These are the largest units so far con¬ 
structed for 720 rev. per min. 

The General Electric Company furnished three units 
of this size to the same company, the speed being 600 
rev. per min. All of these machines are equipped 
with super-excitation as it was believed of the utmost 
importance that the system voltage be maintained at a 
high value during disturbances. The exciters We 
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designed for a rate of rise of 6000 volts per second with 
a ceiling voltage of about 950 volts. 

The Consumers Power Company has purchased a 
standard 30,000 kv-a. unit from the Westinghouse 
Elec. & Mfg. Company. 



Fig. 19 —Doxjble-Entbancb Fan on a 12,500-Kv-a. Turbine 

Generator 

This company-has built two 15,000-kv-a. 900-rev. 
per min. condensers, this being an advance over the 
10,000-kv-a. unit which formerly held the record at 
this speed. 

The first commercial application of hydrogen cooling 
for electrical machinery was made on a G. E. 12,500- 



Fig. 20— ^60(X>-Hp., 82-RBy. per Min. Stnchronous Motor 
WITH Fabricated Structure 

kv-a. outdoor synchronous condenser, located at the 
Pawtucket substation of the New England Power 
Company. A larger unit of similar design, rated 
20,000 kv-a., is in operation at the Turner Substation 
of the Appalachian Electric Power Company. The 
perfonnance of both of these machines during their 


few months of operation has been very satisfactory. 
In addition to reducing the losses and increasing the 
rating, it is believed that hydrogen cooling also in¬ 
creases the insulation life, reduces the windage noise, 
and decreases the fire risk. 

Test Sets 

During the past year the Canadian General Elec¬ 
tric Company has put into operation a new test set for 
testing large transformers. The set consists of two 
7500-kv-a. generators driven by a 2000-hp. d-c. motor. 
The generators are designed for 3-phase operation or 
single-phase operation at a capacity of about 79 per 
cent of the three-phase rating. By means of re-connec¬ 
tion and varying the excitation, practically the full 
kv-a. capacity is available through a voltage range 
from 1100 to 7600. The generators are wound for 
either 6 or 12 poles so that the set may deliver the 



Fig. 21—1000-Hp., 180-Rev. per Min. Synchronous Motor 
WITH Polyphase Damper Windings in the Pole Faces and 
External Starting Resistors 

commercial frequencies used in Canada of 25, 30, 50, 
60, 623^, and 66^ cycles. 

Converters 

The Allis Chalmers Company has built several large 
60-cycle, 3000-kW’., 360-rev. per min. railway converters 
for the City of Philadelphia. These units commutate 
peak loads of 23>4 times nominal rating. 
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“Stabibty of Synchronous Machines Under Variable Load,” 
L. Teplow, Gen. Elec. Rev., July 1928, p. 356. 

System Stability as a Design Problem, R. H. Park and E. H. 
Banker, A. I. E. E. Quarterly Trans., Vol. 48, Jan. 1929, p. 170. 

“New Kinds of Windings for Alternators,” J. Tittel, E. T. Z., 
July 26,1928, p. 1103. 

“Plate Steel Rotor for an Electric Generator,” H. G. Reist, 
Mechanical Engineering, May 1928, p. 363. 

“165,000-kw. Turbine Generator for Hell Gate,” Elec. JL, 
June 1928, p. 274. 

“40,000 Kv-a. 3000 RPM Turbo-Alternators,” R. Pohl, 
V. D. /., July 21, 1928, p. 1007. 

“Practical Considerations Affecting Quick Response Excitar 
tion for Sabent Pole Machines,” P. H. Robinson, Elec. JL, 
Feb. 1928, p. 66. 

“Super-excited Synchronous Condensers,” 0. A. Gustafson, 
Elec. World, Eeh. 18, 1928, p. 66. 

Synchronous Motors for Driving Steel Rolling Mills, Berkshire 
and Winne, A. I. E. B. Quarterly Trans., Vol. 47, Jan. 1928, 
p.237. 


“Synchronous Motor Applications in the Mining Industry,” 
Speight-Electric Journal, May 1928, p. 219. 

Design and Application of Two Pole Synchronous Motors, 
McLenegan and Summers, A. I. E. E. Quarterly Trans., Vol. 
47, April 1928, p. 679. 

Synchronous Condensers, P. L. Alger, A. I. E. E. Quarterly 
Trans., Vol. 47, Jan. 1928, p. 124. 



Fig. 23—3000-Kw., 60-Cyclb, 360-Rbv. per Min. Rotary 

Converter 

For the Olty of Philadelphia 

“Changing from Cast Iron and Steel to Fabricated Steel,” 
H. V. Putman and C. C. Brinton, Elec. JL, July 1928, p. 333. 

D-C. Machines 

The fabrication of parts without the use of castings 
has been considerably extended during the year, the 
later developments applying particularly to the rotating 



Fig.24—^Armature op6000-Hp. 70/140-Rev. per Min. Revers¬ 
ing Mill Motor with Fabricated Spider Construction 

parts. This method of construction appears to be 
especially advantageous in the medium and large size 
units, which, because of their application, are apt to be 
special and require flexibility in design. The develop¬ 
ment of the arc welded fabricated construction has 
given flexibility and still permitted the standard part 
principle, which separates the machine into parts or 
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elements, some of which can be used in many different 
designs and others of which change with each design. 
Fig. 25 illustrates the fabricated construction of the 
spider of a G. E. 6000-hp. 70/140 rev. per min. reversing 
mill motor requiring especially strong spider and sup¬ 
porting structure to withstand the high reversing 
torques. Fig. 25 illustrates the fabricated construc¬ 
tion of a 7000 hp. blooming mill motor built by the 
Westinghouse Company for the Youngstown Sheet and 
Tube Company. While the Allis-Chalmers Company 
has not extended this type of construction to d-c. 
equipment as extensively as they have in a-c. machines, 
they anticipate that its use will increase. 

Several installations of a new scheme of ventilation 
have been made. A special volute shaped housing is 
arranged to make use of the windage of the machine 
to force the heated air through ducts out of the station 
and thus maintain a low ambient temperature. Fig. 31 
illustrates an installation of this kind at the Wheeling 



Pig. 25—Stator of 7000-Hp. Blooming Mill Motor Showing 
Welded Fabricated Construction 

Steel Corporation and furnished by the Genial Elec¬ 
tric Company. 

Motor Generator Sets 

Fig. 29 illustrates a 6000-kw. fly wheel induction 
motor set built by the Allis Chalmers Company to 
drive a 7000-hp. double unit reversing mill motor of 
the Illinois Steel Company. The two generators are 
wound for 700 volts and commutate peak loads of 2>^ 
times nominal rating. The flywheel is of plate 
construction. 

The General Electric Company has furnished some 
4000-kw., 5500-kw., and 6000-kw. motor generator sets 
for electrolytic work with d-c. voltages of 500 and 600. 
These sets were built with one motor and two genera¬ 
tors to take advantage of the higher speeds and effi¬ 
ciencies obtainable by this construction as contrasted 
with that of a two-unit set. 

The Cleveland Terminal electrification has adopted 
3000-kw. 3000-volt motor generator sets for power 
supply. The sets furnished by the General Electric 
Company consists of two 1500-volt generators con¬ 


nected in series and driven by one s3nichronous motor, 
and have a rated overload capacity of 50 per cent for 
two hours and 200 per cent for 5 minutes. 

Motors 

An interesting motor application is the tandem mill 
drive of the American Steel and Wire Company fur¬ 
nished by the Westinghouse Company. Five motors 



Fig. 26—^7000-Hp. Blooming Mill Motor 
F or the V'oungstown Sheet a^d Tube Company 


are mounted on a common bed plate with a distance 
between centers of 7 ft. This reduction between rolls 
permits a better steel product, but requires ^treme 
accuracy in the speed regulation, of the motors. 

Illustration of wide speed ranges is furnished by the 
‘‘ultra-speed’^ planer idrive furnished by the Allis 
Chalmers Company. ‘ Minimum cutting speeds of 15 



Fig. 27—^Tandem Steel Mill Drive with Five Motors 
Mounted on One Bed Plate 
IBuilt for tho Amorican Sto^ djid Company 

ft. per minute with return speeds of 180 ft. per minute, 
or a speed ratio of the motor of 1 to 12 have been 
obtained. 

Gearless traction elevator motors are gaining in use 
for high-speed equipments. A 140-hp., 85-rev. per 
min., 250-volt motor built by the General Electric 
Company is believed to be the largest so far constructed. 
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It was built of fabricated construction and provided 
with roller bearings. 

The use of d-c. motors and generators for Diesel 
Electric propulsion of ferries, tugs, tankers, light ships, 
and freighters has increased. The largest of these is 
the 4000-hp. drive of the freighter Courageous fur¬ 
nished by the General Electric Company. A single 
4000-hp. motor is driven by four 800-kw. Diesel engine 
driven generators. 



Fig. 28—Five-Unit ShoveIj Motor-Generator Set, with 
One 860-Kw., and Two 350-Kw. Generators 
For the Marion Steam Shovel Company 

Exciters 

Quick change of excitation has been applied in a num¬ 
ber of installations to increase system stability during 
disturbances. Rates of voltage rise of 6400 volts per 
second with a maximum of 950 volts for a 250-volt 
exciter have been obtained. As an example of this 
method, a 165-kw. 250-volt exciter is provided with two 
field windings, one for a normal excitatior^ of about 4 
amperes controlled by a voltage regulator, and the 
other controlled automatically by a contactor for forc- 
ing^the excitation up to about 400 amp^es. The mag- 



Fig. 29 —6000-Kw., 700-Volt D-c. Flywheel Motor-Genera¬ 
tor Set for Reversing Mill Motor Supply 
Built for the Illinois Steel Company 

net frame is laminated to permit quicker change in 
field fiux. A 40-kw. 275-vcrlt sub exciter provides con¬ 
stant voltage excitation for the main exciter and no 
rheostat is used in the alternator field. 
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“D-C. Pressure Converter for Supplying Constant Secondary 
Pressure from Variable Primary Pressure,” Brovm Boveri Rev., 
Peb. 1928, p. 89. 

“Specifl-cation and Testing Rules for D-C. Arc Welding 
Generators,” E. Schwarz, Elektrotech. u. Maschinenbau, May 
1928, p. 609. 

Induction Motors 

General. During the pest year, there have been 
interesting developments of new types of small motors, 



Fig. 31—4000-Kw. Motort-Genebator Set with Two Genera¬ 
tors Equipped with Ventilating Housings 
A t the Wheeling Steel Oo. 


but the larger machines have not been of novel charac¬ 
ter. The use of single-phase capacitor motors on a 
considerable scale was inaugurated, and the use of ball 
bearing, of enclosed fan cooled, and of line start motors 
was widely extended during 1928. 

Capacitor Motors. The need for small single-phase 
motors of the highest quality for domestic refrigerators. 


interferences, has high efficiency and power factor, and 
gives the minimum of noise. The Howell Electric 
Company has developed a line of this type of motor; 
the General Electric Company has put several thousand 
fractional horsepower capacitor motors into service on 
domestic refrigerators, and many other manufacturers 
have entered the field to varying extents. The usual 
type employed is a normal split-phase motor with a 
capacitor connected in series with one phase. When 
more than about 75 per cent starting torque is required, 
it has been found necessary to use a larger capacitance 
at start than for running, a switch or auto-transformer 
with taps being employed to make the changeover. 
With the present insistent demand of the utility com¬ 
panies for lower starting currents on domestic appliance 
motors, it is likely that the capacitor motor will grow 
rapidly in favor. 

Repulsion Induction Motors. The use of single-phase 
repulsion start induction motors in sizes up to 10 hp. 
has grown steadily during the past year, and a general 




Fig. 32— ^Exciters fob QxncK Response Excitation System 

oil burners, and other devices, has spurred manufac¬ 
turers to a renewed study of the capacitor motor. 
Reliable low cost capacitors have become available 
recently, due to the progress of the radio art, and so 
capacitor motors have now for the first time become 
economically feasible. Such a motor gives no radio 


Fig. 33—140-Hp., 86-Rev. per Min. Gearless Traction 

Elevator Motor 

improvement in characteristics has been obtained. 
The General Electric Company has recently brought 
out a novel motor of this type with square punchings, 
and graded slots, to obtain more efficient utilization 
of the steel. A photograph of this motor is shown 
in Fig. 35. 

Idne Start Motors. Practically all American motor 
manufacturers are now building extensive lines of 
motors designed with high impedance, to limit the 
starting current. This type of motor now represents 
probably 10 per cent of all the integral horsepower 
induction motors made in the United States. The 
designs of motor employed vary considerably, but those 
with the usual overload capacity of 175 per cent have 
generally about 500 per cent starting current. The 
great majority of these motors are built in sizes be¬ 
tween and 30 hp. 

Frequency Changers. The use of small induction 
frequency changers to supply moderately high frequency 
power to drive high-speed motors has grown steadily. 
A novel feature now employed with many of these sets 
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is the provision of taps on the stator winding of the 
frequency changer motor, so that reduced voltage of 
normal frequency can be obtained for driving the high- 
frequency motors when desired. The high frequency 
motors are wound for a definite voltage, and when they 
are operated at the lower frequency a proportionately 
reduced voltage is required. The use of the motor 
stator as an auto-transformer meets this need. 

Two induction synchronous frequency-changers, built 
for the Niagara, Lockport and Ontario Power Company 
by Westinghouse, were placed in operation about eight 
months ago. In addition to carrying heavy overloads, 
the sets have showed themselves capable of withstand¬ 
ing severe line disturbances without falling out of step. 
Each synchronous machine is rated 25,000 kv-a. and 
each induction motor 28,000 hp., making these the 
largest variable ratio frequency changers in the world. 

The General Electric Company is building a similar 
25,000 kv-a. set for the Buffalo General Electric Com¬ 
pany, the induction motor being rated at 27,500 hp. 



Pig. 34—^Ultra Speed Planer Drive with 12 to 1 Speed Ratio 

Enclosed Fan Cooled Motors, Enclosed fan cooled 
motors have grown remarkably in popularity. The 
initial temperature rise of an open motor is not greatly 
increased by these modem enclosing features, while, 
on the other hand, the accumulation of dirt in service 
on an open motor makes the temperature rise increase 
very much. The apparent handicap of enclosing is, 
therefore, converted into a real gain in service tempera¬ 
ture rise. A number of methods of enclosing is being 
used. An interesting type suitable for use in explosive 
atmosphere has been brought out by the Louis Allis 
Company. This is made from the standard fan cooled 
motor, by strengthening the mechanical parts, and 
other changes. 

Large Induction Motors. The use of welded struc¬ 
tural steel frames for large induction motors has be¬ 
come well established in the past year. The trials of 
the U. S. S. Lexington and Saratoga were successfully 
completed early in 1928, and the 8 driving motors on 
each ship were found capable of delivering 27,000 hp. 
each to the propellers, some 20 per cent in excess of 


their rating, without difficulty. The remarkably suc¬ 
cessful results obtained with electric drive of these 
ships represent an important achievement of 1928. 
Several induction motor driven ships are now under 
construction. 

Commutator Motors. An interesting application for 
the adjustable speed shunt-characteristic commutator 
motor has been found in the drive of hosiery knitting 



Pig. 35—Novel Type op Single-Phase Repulsion Induction 

Motor 

and ring spinning machines. In the latter case, it is 
desirable to vary the speed of the motor automatically 
as the bobbin progresses from empty to full, and this is 
accomplished by automatic means for shifting the 
brushes of a polyphase adjustable speed shunt commu¬ 
tator motor. The machine as developed is totally 
enclosed and self-ventilated. 

High-Speed Motors. The trend towards the develop¬ 
ment of large capacity, high-speed motors is shown by 



Pig. 36 —^900-Hp., 3600-Rev. per Min. Squirrel-Cage Motor 
FOR Driving Boiler Peed Pump 

some orders recently placed with Westinghouse for 
eight 1250-hp., 3600-rev. per min. induction motors. 
They are to be used for driving high-pressure boiler 
feed pumps. 
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Fia. 37—Three-Phase Shunt Commutator Motor with 
Automatic Speed Variation for Spinning Frame Drive 
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Fig. 38—3000-Hp. Mercury Arc Rectifier 
For Maypole Substation in Chicago 
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Fig. 39—^Mercury Arc Rectifier Substation 
For the Berlin Metropolitan Railway 
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“History Description and Acceptance Trials of the U. S. S. 
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“Higher Starting Torque for Squirrel-Cage Motors,” F. 
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Mercury Arc Rectifiers 

Mercury arc rectifiers continue to hold the interest 
in the d-c. railroad and street railway field and rather 
rapid advances in capacity have been made. Since 
January 1,1928 a total of 28 sets have been installed or 
placed on order in this country, having a total kw. rating 
of 48,975. The majority of these sets consisted of 
single tanks and the average rating per tank has 
materially increased. The same general trend appears 
to be current in Europe, as over 40 rectifiers with cur¬ 
rent rating of 4000 to 6000 amperes were installed or 
placed on order for street railways and electrolytic 
purposes. 

The frequency and deleterious effects of arc backs 
have been materially decreased. The effect of short 
circuits has been most evident in the transformers which 
in some cases have failed due to lack of rigidity of the 
windings. The seriousness of outages caused by arc 
backs has been further diminished by improvements in 
the construction and capacity of pumps, the most 
important rectifier auxiliary. The installation of arc 
suppressors has apparently greatly improved service 
but it does not seem conclusive that the freedom from 
serious arc backs in some installations should be credited 
entirely to the arc suppressor. 

Larger and better pumping units have been effective 
in reducing long outages due to the inability to remove 
the vitiating elements in the vacuum caused by arc 
backs. Continuity of ignition has been further guaran¬ 
teed by the provision of anodes in addition to the ones 
used for arc striking purposes. 

Graphitic anodes have given good account of them¬ 


selves during the past twelve months of operation and 
evidences of their stability were furnished by examina¬ 
tions of some which had been removed from service. 
Confidence in the metal anode, however, is indicated 
by their continued use in the largest rectifiers now in 
service in this country. 

Close cooperation has been established between the 
manufacturers of rectifiers and the manufacturers and 
operators of communication and central station com¬ 
panies’ equipment and system. This has resulted in 
making available very effective means for the control 
and suppression of undesirable undulation character¬ 
istics in the output from the rectifiers. They have 
generally taken the form of a low frequency filter in¬ 
cluding a reactor placed in the d-c. leads from the recti¬ 
fier. One prominent factor in this cooperative attempt 
to deal effectively with this interference situation is the 
realization of the need for a telephone interference 
factor having a frequency weight characteristic differ¬ 
ing from that included in the present unit and based 
upon the susceptibility of the human ear to tones of 
different pitch. 

The subcommittee has carefully studied the questions 
of rating, regulation, and efficiency. While these 
matters together with others, such as nomenclature, 
have not been finally acted upon, substantial work has 
been accomplished which will greatly facilitate the 
reaching of agreements on these essential elements of 
performance. 

The outstanding installations during the past year 
were two 5000-ampere 625-volt automatic railway 
outfits installed on the Commonwealth Edison Com¬ 
pany’s system for railway service. These units were 
six-phase twelve-anode with arc suppressors but with¬ 
out voltage regulating devices and were supplied by 
the Brown-Boveri Company. They have an overload 


mercury arc rectifiers in railway installations installed or on order since 1927 



No. of sets 

Tanks per set 

D-c. voltage 

Kw. per set 

Total kw. 

Control 

Oommoiiweaitli Sdison Company, Chicago, Maypole. 

1 

1 

600 

3000 

3,000 

Auto 

Commonwealth Edison Company, Chicago, West Lawn. 

1 

1 

000 

3000 

3,000 

Auto 

Toronto Hydro Electric System, Toronto, Ossington. 

1 

1 

600 


1,100 

Auto 

Southern Public Utilities Oorp., Charlotte, N. O., Eliza. Ave. 

1 

1 

600 

750 

750 

Manual 

City of Calgary, Calgary, Portable. 

1 

1 

575 


600 

Auto 

Union Railway of New York City, New York, St. Peters Ave. 

1 

1 

625 

1000 

1,000 

Auto 

Toronto Hydro Electric System. 

1 

1 

600 

1100 

1,100 

Auto 

American Gas & Electric, New York... 

2 

1 

600 

1000 

2,000 

Auto 

Cons. Mining & Smelting Co. of Canada, Electrolitic. 

3 

2 

460/560 

5600 

16,800 

Manual 

City of Edmonton.;...... 

676 


1,325 

Manual 

City of Calgary. 



575 


1,200 

Auto 

City of Halifax. 

1 

1 

600 

1100 

1,100 


Chicago Sc Joliet. 

1 

1 

600 

500 

500 

Auto 

Columbus Railway Power Sc Light Co... 

1 

2 

600 

500 

1,000 

Manual 

Columbus Railway Power Sc Light Co. 

1 

1 

600 

500 

500 . 

Auto 

Columbus Railway Power Sc Light Co. 

1 

1 

600 

500 

500 

Auto 

Eastern Mass St. Ry.... 

1 

2 

. 600 

1000 

3,000 

Manual 

Chi, So. Shore Sc So. Bend Ry. 

1 

2 

1500 

1,500 

Auto 

Chi. So. Shore Sc So. Bend Ry. 

1 

2 

1500 


1,500 

Auto 

Chi. So. Shore Sc So. Bend Ry. 

1 

2 

1500 


1,500 

Auto 

Philadelphia Rapid Transit. 

3 

1 

600 


3,000 

500 

Auto 

Sacramento Northern Railway. 

1 

1 

1500 


Auto. 

Auto 

Piedmont Sc Northern. 

2 

2 

1500 

750 

1,500 

British Columbia Elec. Ry.. 

1 

1 

600 

1000 

1,000 

Manual 




• 





48,075 
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capacity of 7500 amperes for two hours or 10,000 
amperes for one minute. As these units were not put 
into service until December, 1928, the brief period of 
operating service is inadequate as a gage of their all 
around performance but it is noteworthy that there 
has been but a negligible number of arc backs and 
these were inconsequential, as far as could be observed, 
as the rectifiers were capable of returning to service as 
quickly as the reclosing breakers could operate. Load 
swings on one of these units as far as 8000 amperes 
have been carried without any evidence of limitation. 

The Brown Boveri Company developed a new type 
of rectifier for 3000-kw. which is about 30 per cent 
smaller than the original units of this capacity. Another 
type with normal rating as high as 16,000 amperes has 
been developed, this also showing improved efficiency 
and reduced weight. 
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Gas-Filled Thermionic Tubes, Albert W. Hull, A. I. E. E. 
Quarterly Trans., Vol. 47, July 1928, p. 753. 

Hot Cathode Neon Arcs, Clifton G. Found and J. D. Forney, 
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High-Voltage Gaseous-Conductor Lamps, F. O. McMillan and 
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Operation and Performance of Mercury Arc Rectifiers, Caesar 
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p. 228. Elec. Ry. Jl, January 7, 1928. Elec. World, March 
24,1928. 

The Vacuum Tube Rectifier, John H. Euhlmann and James 
P. Barton, A. I. E. E. Quarterly Trans., Jan. 1928, p. 299. 

“Electric Rectifiers and Valves,” A. Guntherschulze w.riH 
IST. A. De Bruyne, John Wiley & Sons, 1928. 

“Mercury Arc Rectifier Inspections,” 0. M. Ward, Elec. 
World, May 5, 1928. 

“Mercury Arc Rectifier Substations Used on European Rail¬ 
ways,” Elec. Ry. Jl, April 14, 1928. 

“Metal Rectifiers, Engineer, June 22, 1928. 

“Gleichstrowversorgung der Deutsohen Reichsbahn, Inshe- 
sondere durch Gleiehrichteranlagen,” W. Reiohel, Elehtrotech. 
Zeit., June 14, 1928, October 11, 1928. 

“Advantages of Mercury Arc Rectifiers,” M. L. de Angeles, 
Mec. Ry. Jl, July 14,1928. 

“High-Voltage Mercury Arc Rectifiers,” L. Smede, Elec. Jl., 
August, 1928. 

“Performance of Mercury Arc Rectifiers,” V. Hansen, Elec. 
World, September 8,1928. 

“Steel Tank Mercury Arc Rectifiers, Replace Rotary Con¬ 
verter?,” W. C. Poster, Elec. World, October 1928. 

“Die Gleichrichter-Unterwecke der Leningrader Strassen- 
bahn,” J. A. Meier, Zeit. Ver Deutch Ung., December, 1928. 


“Mercury Vapor Rectifiers at Shoreditch, Engineer, Decem¬ 
ber 21, 1928. 

“Brown-Boveri Mercury Arc Power Rectifiers,” Brown-Boveri 
Rev., Vol. 15, January and March, 1928. 

“Rubber Seal for Mercury Arc Rectifiers,” A. Siemens, 
Siemens Zeit., May, 1928. 

“Pressure Regulation in Mercury Arc Rectifier Plants,” 
J. Blandiu, Brown-Boveri Rev., June, 1928. 

“Ignition of Mercury Arc Rectifiers,” C. Loog, Telegrpohen 
und Femspreck Tecknik, June, 1928. 

“Interphase Reactor in Six Phase Transformer Rectifier 
Circuits,” S. A. Stegant and M. Lacy, Elec. Times, Sept. 6,1928. 

“Automatic Rectifier Substation of the Hagener Suburban 
Railway,” H. Jordan, A. E. G. Mett, September, 1928. 


Discussion 

W. J. Fosteri These reports are records of notable accom¬ 
plishments during the past year, and I want to call attention to 
something that I regard as novel and as adding a great deal in 
the efficient operation of machinery, especially as I think, to its 
increase in life, and that is the use of hydrogen ventilation. There 
is just a slight reference to its use in synchronous condensers, the 
first commercial application of hydrogen. The 20,000-kv-a. con¬ 
denser operating in the system of the Appalachian Electric Power 
Company shown there is not the first one that has been in opera¬ 
tion. It is located at Pawtucket, Rhode Island. It was started 
about the first of August. 

It has been gratifying after many years of experimentation and 
development to have had two machines put into operation. The 
appeal of hydrogen to engineers is not in its application to syn¬ 
chronous condensers but rather to turbine generators, where the 
greatest increase in efficiency can be secured, as well as the great¬ 
est reduction in the size of machines. That we hope for later. 
But the operating people have been somewhat reluctant to place 
prders for such machines. Possibly the next annual report may 
contain a reference to this application in turbine generators. I 
certainly hope it will. 

C. J. Fechheimer: I think it worth while to call attention to 
the double-entrance fan, a picture of which is shown in Pig. 19. 
That photograph does not show the whole as completely as might 
be, and I want to explain it a little more fully. 



[ Pig. 1—Schematic Arrangement for Ventilating with 
THE New Double Entrance Pan 

In the development of these very large units, it is impossible 
to make the shaft smaller than a certain diameter. As the area 
between the inner periphery of the fan and the external diameter 
of the shaft is then too small to admit all the volume of air except 
at high velocities, with the consequent loss that would accompany 
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such high velocities, the natural thing one would do is to have a 
fan with two entrances, one at each side, such as is used fre¬ 
quently for general-purpose fans. 

That did not appear as a simple problem at first, but with the 
scheme as it has been developed it is not only possible to have two 
entrances, but use is also made of the discharge space beyond the 
fan so as to increase the fan efficiency. This, in principle, is like 
that shown in Fig. 1 herewith. About 50 per cent of the air enters 
the left side of the fan, and the other 50 per cent passes through 
the axial passages (shown as approximate triangles in the trans¬ 
verse section at the right), at comparatively low velocities. The 
air then turns through 180 deg. and enters the right side of the 
fan. After passing through the fan, the two streams unite and 


fiow through between adjacent outer sides of the axial passages. 
These passages then function as stationary guides which assist 
materially toward changing the velocity head of discharge from 
the fan into static head. (In the longitudinal section this path 
is shown by dotted lines.) 

Thus, the velocity between the fan and the shaft is reduced, 
and much of the discharged velocity head is converted into static 
head, both of which increase the efficiency. Efficiencies as high 
as about 55 per cent have thus been obtained, a considerable im¬ 
provement over what had been secured before. This develop¬ 
ment is largely the work of M. D. Ross of the Westinghouse 
Company. A more complete description by Mr. Ross is given in 
the Electric Journal for March, 1929. 



Electric Welding 

ANNUAL REPORT OF COMMITTEE ON ELECTRIC WELDING* 


To the Board of Directors: 

Your Committee on Electric Welding hereby reports 
the following activities and developments in their field 
of activity for the fiscal year May 1,1928-May 1,1929. 

Meetings and Papers 

Our Committee arranged for the presentation of two 
papers, at the March 1929 Regional Meeting held at 
Cincinnati, namely, one by Professor F. P. McKibben, 
on Arc Welding in Building and Bridge Construction; 
the second paper by Mr. H. V. Putman, on Design and 
Construction of Electrical Machinery Using the Arc 
Welding Process of Fabrication. 

American Welding Society Activities 

The American Welding Society through its sev^al 
Committees, has prepared tentative codes on: (1) 
Recommended procedure for fusion welding of pressure 
vessels; (2) Fusion welding and gas cutting in building 
construction; (3) Nomenclature definitions and sym¬ 
bols, and is developing a code for welding for pressure 
piping. 

The Fundamental Research Committee of the 
A. W. S. is carrying on a number of researches headed 
by able representatives of eight of the leading colleges 
in the country, who are making studies under a numb^ 
of subjects, some of which are as follows: 

1. Resistance welds in low and high carbon steel 
rods. 

2. Study of welds at elevated temperatures. 

3. Effect of current density and microstructures on 
strength of welds. 

4. Study of weld joints by X-rays. 

5. Study of the fimdamentals of the welding arc. 

6. Study of welded rail joints. 

The American Welding Society is carrying on a great 
deal of additional detailed work too extensive to men¬ 
tion in this brief report. 


Commercial Activities 

Bridge Construction. During the year a 34'niile line 
of overhead railroad construction at a prominent steel 
mill was reconstructed by the addition of 75 tons of 
steel. 

The Public Service Co-ordinated Transport Co. of 
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New Jersey successfully repaired by arc welding two 
pairs of poney trusses each 86 ft. long, forming a com¬ 
bination trolley and highway bridge spanning the tracks 
of the Central Railroad of New Jersey and the Lehigh 
Valley Railroad at Middlesex Borough near Bound 
Brook, N. J. This was a very unique operation, 
requiring 50 tons of new steel and is described in 
Engineering News Record of October 25, 1928. 

At the present time, the Harahan Bridge at Memphis, 
Term., is being reconstructed and widened which work 
will involve a total of 250 tons of steel. As an indication 
of the saving possible in this class of work, we cite the 
following figures, namely, an average of six bids for 
riveted reconstruction $15,060 as against an average 
for the bids by welding construction of $10,750. This 
represents a saving of 28 per cent by welded recon¬ 
struction as compared with riveted. reconstruction 
work. 

Office Buildings, etc. The Homestead Hotel at Hot 
Springs, Va. has had a 12-story addition made thereto 
by the arc welding process, the addition involving 550 



Fig. 1—Cleveland Office Building. Illustrates De¬ 
crease IN Weight of Columns from the First Floor to the 
Fourth Floor 

tons of steel. The principal consideration in this opera¬ 
tion was the elimination of noise, which would have dis¬ 
turbed the guests in the old hotel structure immediately 
alongside of the new structure. It is difficult to put a 
direct monetary value upon the elimination of excessive 
noise for such a proposition. 

A combination office and bank building, involving 
250 tons of steel, was erected at North Tonawanda, N. Y. 
for the Tonawanda Power Co. 
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An office and store building (Upper Carnegie Bldg.) 
involving 115 tons of steel was completely erected by 
the arc welding process, using no rivets or bolts, in the 
City of Cleveland, Ohio, see Figs. 1,2, 3, and 4. 

Factory Type Buildings. Two buildings of this type 
were constructed in California for the Southern Cali- 



Fia. 2 —Shows Fhaminq Paetly Erected with 36-In. 
Girder Welded in Position 

fornia Edison Co. at Portersville and Visalia, Calif. 
A building approximately 50 ft. by 100 ft. was con¬ 
structed by welding at Los Angeles. Several additional 
small buildings in California were constructed by weld¬ 
ing, with trusses from 40 ft. to 75 ft. span. The Ameri- 



Fia. 3 —Detail View Illustrating Welded Joints in 
36-in. Girders and Location op Welded Open Beams por 
Supporting the Floor 

can Milling Co. of Omaha, Neb., has built a large hay 
bam 75 ft by 190 ft., using 100 tons of steel. In central 
Florida 15 arc-welded buildings have been constructed, 
principally for citms packing houses. The largest of 
these is 117 ft. by 202 ft., containing 200 tons of steel. 


One building (Fig. 5) is now nearing completion at 
North Trafford City, Pa., involving 800 tons of steel and 
floor space in excess of 100,000 sq. ft. A portion of this 
operation involves a structure tliree stories in height, the 
remaining portion being single story construction. 

Thirty-two municipalities in California and eight in 
Oregon, Louisiana, Mississippi, Arkansas, and Arizona 
now have sections in their building codes covering the 
welding of buildings. 

According to the new building code sections for these 
cities, it is now legal for the Commissioner of Buildings 
in each place to grant, in the same manner as for riveted 
frames, permits for the erection of electrically welded 
steel frame buildings. 

Pipe Welding. Several installations for welding two 
lengths of pipe together in the shop to make approxi¬ 
mately 40-ft. lengths out of approximately 20-ft. lengths 
of pipe have been made during the past year. Also 
some installations for welding longitudinal joints to 
produce piping in the shop have also been made. 

Considerable progress was made during the past year 
in electric welding gas and oil pipe lines. The method 
of making the weld, the size of electrode, and welding 
conditions have been determined for best results and 
experience has demonstrated the effectiveness of this 
procedure. Methods of testing the welds have been 
worked out so that a minimum of interference with the 
welding procedure is encountered and yet the tests are 
very effective for determining the quality of the 
welds. 

The welding of pipe lines of municipal water supply 



Fig. 4—Shows the Building Partly Completed 


.has progressed rapidly during the past year. Auto- 
niatic welding machines and procedure control specifica¬ 
tions have been developed for this work. Welding 
technique and testing methods have been determined to 
insure uniform results on a production basis. The 
effect of these developments has been to reduce the cost 
of pipe lines for city water supply systems. 
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Between 1400 and 1500 miles of pipe line for carrying 
oil are now being laid in Texas and the South West. 

Figs. 6 and 7 illustrate the welding of pipe on one of 
these lines. 

This line is owned by the Texas Pipe Line Co. and 
has its sea terminus at Port Arthur and runs 714 miles 
to a place called Monahans, not far from El Paso, 
Texas. 

This pipe carries oil at a pressure of 800 lb. per 
square inch. 

The process of laying the pipe is to get on an average 
of five 40-ft. lengths lined up on skids along the same 
axis so that the ends of the pipes being welded are square 
with each other and weld these five lengths together, 
turning the pipe every once in a while so that the welder 
is welding in a substantially downward position. These 



Pia. 5—^BmiiDiNG Comprises Three Units in a U Group. 
Tranverse Unit in Foreground is 133 Ft. by 60 Ft. Longi¬ 
tudinal Building at Left is 441 Ft. by 62 Ft., 140 Ft. op 
WHICH IS Three Stories IN Height. Longitudinal Building 
AT Right is 460 Ft. Long by 62 Ft. Wide. A Combined Office 
AND Shipping Building at Extreme End Gives a Total Floor 
Space in Excess op 100,000 Sq. Ft. 

welds are made at the rate of 12 to 14 per day per 
‘operator. 

Two welds are made on each pipe, a so-called burning 
in weld and a finishing weld. 

One end of each pipe is bell mouthed, and the small 
end of one pipe is inserted in the large end of the next 
pipe preparatory to welding. 

After the five lengths of pipe are welded into sections 
the bell mouth end of one section receives the small 
end of the next section and the two sections are welded 
together. 

This weld is called a “bell-hole weld"' and part of this 
weld must be made overhead. The average rate of 
making bell hole wdds is 8 to 10 per day per operator. 

After the pipe is welded, it is lowered into a trench 
which has been prepared for it and later covered. 


The outside of the pipe is protected with a heavy 
coating of asphaltic material to prevent the earth from 
coming into contact with the pipe so as to prevent 
corrosion. 

After the pipe is welded it is tested with hydrostatic 
pressure for tightness, after which tiie pipe is laid in 
the trench and covered. 

The illustrations show in some detail the process as 
it is being carried on. 

The welding .machines are gasoline engines driving 


Fig. 6—^Bbll Hole Welding on 12-in. Pipe Line near 
Welch, Oklahoma. Observe Bends in Pipe Due to Uneven 
Terrain, which Causes no Failures 

welded sets and these may be transported on wagons or 
may be dragged from point to point by trucks. 

Pressure Vessels. During the past year or so two 
companies have developed special technique and 
methods for arc welding of heavy steel plate, oil cracking 
stills, and other high pressure vessels. One of these 
companies, for example, has manufactured over a 
thousand vessels using over 70,000 tons of plates 
averaging about 3 in. in thickness. Excellent ductility 



Fig. 7 —Typical Finished Welded Joint in 12-In. Pipe Line 

and tensile strength are obtained by the method^ used 
by these two companies which employ covered elec¬ 
trodes with special alloys, heavy currents, and annealing 
of the structure after welding. 

Resistance Welding. The use of spot welders, tubing 
welders, and flash welders has extended rapidly, es- 
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pecially in the automotive field, during the past year. 
Probably the latest large development in the resistance 
welding field is that of appl3dng fiash welders for pro¬ 
ducing pipe in commercial lengths, up to about 30 in. in 



Fig. 8—^Prame for 100,000-Kv-a., 3600-Rev. Per Min., 
Turbo Generator which Weighs Complete 265,000 Pounds 
AND WAS Shipped as a Unit with Windings in Place. Ip a 
Cast Frame had been Used the Weight Would Have Ex¬ 
ceeded THE Maximum Car Capacity Forcing the Com¬ 
pleting OP THE Machine on Customer’s Property Instead 
OP at the Factory 

diameter by ^ in. in thickness, requiring several thou¬ 
sand kv-a. of power to make each longitudinal weld. 

Machinery Construction, The use of welded machine 
structures replacing castings has received great impetus 
during the past year, especially amongst the manufac- 



Fig. 9— Shows a Welded Motor-Generator Set the 
Only Castings Used being the Pedestal Bearings. Even 
THE Brush Rigging por the Generator is op Welded Steel 
Construction. This Set is Rated at 750 Kw,, 900 Rev. Per 
Min. 

turers of electrical apparatus. The stator for a 160,000- 
kw. turbo generator has recently been constructed of 
arc welded steel. (Figs. 8 and 9.) It is imdoubtedly 
safe to say that at the present time such construction 
by several of the leading manufacturers in the United 
States has reached the point where not less than 2000 
tons per month of such fabricated machines are being 
produced. 


Shi'p Cmstruction, Metal arc welding is being used 
extensively in the construction of merchant and naval 
ships. In both cases, the policy pursued is that of a 
gradual utilization of the process, rather than an attempt 
to weld the complete ship. In merchant ship con¬ 
struction the object is reduction in cost, while in naval 
work, the object is to save weight. 

International attention has recently focused on arc 
welding in naval construction because the weight 
saved by its use materially assisted the German Navy 
to mount eleven-inch guns on their new 9000-ton 
cruisers. 

The steam ship Virginia, built during the year by the 
Newport News Shipbuilding & Drydock Co. for the 
Panama Pacific Steam Ship Co., embodied sufficient 
welding in its construction to require the use of 43,000 
lb. of electrode welding wire. 

Are welding has also been used extensively in the 
construction of the 272-ft. yacht Viking for Wm. 
Baker. In this case, ft greatly assisted the architects 
in obtaining the desired graceful lines. 

The Fore River Yard of the Bethlehem Shipbuilding 
Corp. has constructed a number of bulkheads wherein 
one row of rivets was replaced by a continuous weld. 

The Federal Shipbuilding and Drydock Co. of 
Kearny, N. J., have recently completed two all-welded 
channel type scows each 116 ft. long, 34 ft. wide, and 
10 ft. deep. 

Miscellaneous. The use of automatic welding equip¬ 
ment has increased materially but to date its possibilities 
have been appreciated by only a very limited section of 
industry. 

Atomic hydrogen has found many new applications 
on alloy steels and nonferrous metals. For welding 
thin sheet steel below No. 16 gage this process has been 
applied very satisfactorily where smoothness of finish 
and good ductility are required. 

Summary 

There are a great many other individual welding 
applications which might be mentioned but we believe 
that the above brief r6sum^ summarizes the principal 
activities in the welding field and will give an insight 
into welding developments for those who are not directly 
identified with welding work. 


Discussion 

J. G. Lincolns I vrant to emphasize the lower cost of elec¬ 
trically welded parts as compared with cast-iron parts. The 
company with which I am connected makes its products, elec¬ 
trical machinery, largely of steel shapes electrically welded. 
The accompanying table shows typical reduced costs of a num¬ 
ber of parts of equipment. The welded compensator tank 
shown at J in the illustration costs 80 per cent less than the 
cast-iron tank. The weight was reduced 60 per cent by use of 
welded steel. 
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H 
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COMPARISON OP COSTS OP WELDED AND CAST PARTS 


Part 

C< 

3St 

Cast iron 

Wi 

sided SI 

:eel 

Mate¬ 

rial 

Labor 

Total 

Mate- 

i4al 

Labor 

Total 

A. Stator end ring. 

$1.67 


$1.57 

$0.31 

$0,105 

$0,415 

B. Frame ring. 

2.89 

0.20 

3.09 

1.13 

0.41 

1.64 

O, Motor stator. 

6.77 

0.61 

6.38 

1.03 

0.71 

1.74 

D. Motor base rails. 

4.99 

0.12 

6.11 

1.64 

0.62 

, 2.16 

E. Large motor bracket. 

10.88 

1.18 

12.06 

2.98 

2.40 

6.38 

P. Motor spider. 

6.76 

2.94 

9.69 

1.28 

4.37 

6.66 

G. Welder truck. 



34.00 

5.04 

2.65 

7.70 

H. Engine base. 

36.84 

1.74 

37.68 

9.54 

3.67 

13.21 

I. Large motor frame. 

47.13 

6.63 

62.76 

10.65 

8.41 

19.06 

J. Compensator tank. 








F. C. Caldwell: Consider for a moment the sociological 
aspects of the development of electric welding. In this method 
of manufacture we are not only reducing the amount of iron 
used, to a fraction of that required under the old system, there¬ 
fore leaving that much more for future generations, but we are 
also increasing the amount of labor required. One of the social 


and economic problems of the present day is, of course, the 
fact that all along the line the amount of labor needed is being 
decreased, and some difficulty is being experienced in adapting 
human conditions to that situation. Here is one case where, while 
saving material for future generations, we are increasing the 
amount of labor to something like double that formerly required. 




























Electrochemistry and Electrometallurgy 

ANNUAL REPORT OF COMMITTEE ON ELECTROCHEMISTRY AND 

ELECTROMETALLURGY* 


To the Board of Directors: 

The Committee on Electrochemistry and Electro¬ 
metallurgy submits the following report covering some 
of the outstanding matters of interest within the field 
of the committee. Such a review can never claim to be 
complete. The past year has brought several items 
of unusual interest. As an innovation in the report of 
the committee for the present year somewhat more 
details are given about certain materials and their pro¬ 
duction, including the features likely to be of interest to 
electrical engineers. For this reason the number of 
items covered in the report is somewhat less than in the 
reports for the several years preceding. 


D-c. Supply for Electrolytic Uses 

Approximately 200,000-kilowatt capacity in direct- 
current machinery is now purchased yearly by growing 
electrolytic industries throughout the world. Elec¬ 
trolytic processes are essentially direct-current proces¬ 
ses requiring large current at relatively low voltage per 
unit. The problem of a suitable and economical source 
of power is therefore of importance, and one requiring 
careful study to determine the best conditions in any 
particular case. The generation of direct current may 
have some advantages as to cost and maintenance, if 
the electrolytic plant is not far removed from the source 
of power, and if exhaust or bled steam can be used to 
advantage in process work. Such a source of supply, 
however, is limited in its application and does not per¬ 
mit of interconnection to otiier sources of power. When 
power is purchased the problem of converting it from 
alternating current to direct current usually arises. 
Synchronous converters and motor-generator sets both 
find use for this purpose. Possibly large mercury rec¬ 
tifiers may also find extended use in the future. It has 
been pointed out in several papers which have recently 
appeared that the proper choice in any particular case 
must depend (1), upon voltage and other characteristics 
of the transmission line; (2) the range of voltage, the 
current, and other characteristics of the electrolsrtic 
circuit; (3) The efficiency imder particular operating 
conditions; (4) The initial investment and interest 
charges. It frequently happens that materials pro¬ 
duced by electrochemical means are more costly than 
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similar materials produced without the expenditure of 
electrical energy and yet the electrochemical processes 
are justified by the higher quality of material or by 
unusual physical or chemical properties. The problem 
is therefore a complex one which will have much to do 
with the success or failure of electrolytic production be¬ 
cause the power costs are usually a considerable fraction 
of the total cost per unit of the material. 

Chromium Plating 

Chromium plating which was first accomplished 70 
years ago has imdergone a sensational development in 
the electroplating field within the past three years. It is 
only recently that the mechanism of the processes has 
become sufficiently well understood to make possible 
its commercial application. Prom the various uses 
proposed for chromium plating, it is becoming apparent 
what may be reasonably expected. 

Scratci tests on thin films of chromium indicate that 
the hardest chromium is harder than any other metals 
or alloys previously tested. Its ductility is almost zero; 
its expansivity is about the same as for glass or plati¬ 
num. It resists tarnish to a remarkable degree. The 
reflecting power of chromium is 65 per cent as com¬ 
pared with silver 95 per cent. Its electrical conduc¬ 
tivity is about that of aluminum. 

As a protective coating, thin films are desirable. For 
some purposes 0.00002 to 0.00004 in. are used over a 
preliminary coat of copper or nickel. Thicker deposits 
may tend to crack. Chromium deposits are made 
from a chromic acid bath to which a sulphate has been 
added. The anodes are of iron or lead. The condi¬ 
tions for making satisfactory deposits are rather critical 
as to temperature and current density, the latter rang¬ 
ing from 100 to 300 amperes per square foot. From the 
standpoint of the electrical engineer, the large amount 
of energy required is of interest. The voltage across the 
tank ranges from 6 to 12 volts. The current must be 
large and since the valence is 6 and the efficiency of the 
process low, the amount of metal deposited per coulomb 
is very small. It has been estimated that chromium 
plating requires 15 times the electrical energy used for 
nickel plating in equivalent amounts. However, in the 
case of chromium but little metal is needed. The proc¬ 
ess brings with it hazards that require carefully designed 
ventilating systems to protect the workers. In spite of 
difficulties which may seem numerous, the desirable 
properties of chromium as a protective coating, its 
resistance to wear, its hardness, and ite pleasing ap¬ 
pearance have brought it into use in many industries. 
Some of the applications which have been made of it 
have not been successful, as for example, in stamping 
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dies. The chromium is brittle and flakes off. In the 
popular mind chromium is associated with automobile 
and plumbing fixtures, but in a less conspicuous way 
chromium plating has proved its worth by prolonging 
the life of gages, tapes, measuring devices, forming dies, 
spinning tools, and printing plates. 

An important development during 1928, was the 
installation of several completely automatic equip¬ 
ments for chromium plating. The electroplating indus¬ 
try has learned the value of chemical control and now 
it is adding automatic electrical control of current 
density and control of temperature. 

Electroplating op Various Metals 

In other fields of electroplating, new finishes have 
been developed. Cadmium plating, which can be 
easily done on any commercial metal, promises valuable 
service as a preventative of rust, but it is handicapped 
by the high price of metal. A process has long been 
sought for electroplating aluminum on other metals. 
A step in this direction has been made in the experi¬ 
mental work of depositing aluminum on other metals 
from organic solutions. New developments are taking 
place in the electro-deposition of alloys. Whereas this 
has been largely confined in the past to brass and 
bronze, there are today a dozen different alloys that 
may be deposited from aqueous solutions. Nickel- 
plating continues to increase in spite of the threatened 
competition of chromium plating. Actually the latter 
needs an underlying layer of nickel, and so it has been 
said that chromium plating has actually stimulated the 
demand for nickel. The trend in nickel plating is to¬ 
wards the use of very pure anodes containing not less 
than 99 per cent of nickel. 

Hydrogen for Industrial Uses 

Industrial uses for hydrogen are rapidly increasing. 
The electrolytic process is particularly well adapted to 
the production of hydrogen of a high degree of purity. 
It is of more than passing interest that a large research 
laboratory is provided with pure hydrogen piped to the 
various rooms and consuming more than 2,000,000 cu¬ 
bic feet of hydrogen per month in the experimental 
work. The demand for pure hydrogen in the fat¬ 
hardening industries is increasing and larger electroly¬ 
tic cell units in some cases amounting to 4 to 5 times the 
capacity of present installations are being sought. 
More electrolytic hydrogen is likewise being used in the 
synthesis of liquid ammonia, the production of which in 
1928 was so large that it became the cheapest alkali per 
unit. It has been found that liquid ammonia is a very 
convenient form for transporting hydrogen. Of par¬ 
ticular interest to electrical engineers is the use of hydro¬ 
gen as a cooling agent. It naturally diffuses faster than 
other gases and has a high thermal conductivity so that 
it can be used to advantage where it is important to 
remove heat rapidly. High-speed motors and genera¬ 
tors are being operated in hydrogen gas in development 


tests and a commercial application of hydrogen cooling 
has recently been made in the case of a large ssmchro- 
nous condenser which is totally enclosed. The capacity of 
this condenser with hydrogen cooling is said to be 12,500 
kv-a., as compared with 10,000 kv-a. if air-cooled. The 
use of hydrogen for such a purpose is beneficial in other 
ways, since oxygen and dirt are excluded and the effect 
of corona on the insulation eliminated. As a safeguard 
the pressure of hydrogen is maintained above atmos¬ 
pheric pressure and the purity of the gas is continu¬ 
ously recorded. An alarm is sounded if the purity 
falls below 91 per cent. 

Copper 

The change in the copper situation during 1928 was 
sensational. A sluggish market which had persisted 
for years with comparatively little prospect of marked 
advancement was transformed by the increasing de¬ 
mand for this metal. Existing stocks were reduced 
and outlets for even the high-cost copper provided. 
Copper as a product of electrochemical industry and as 
a basic material of electrical construction has a double 
interest for the electrical engineer. Part of the in¬ 
creased use of copper may be attributed to systematic 
efforts of a research association to extend its uses and 
part may be attributed to the growth of electrical 
industry, which is said to consume in one form or 
another, more than one-half of the total supply. It has 
been estimated that the mines of the United States will 
produce over a million tons during the present year and 
most of this wnll be- used mthin this country. 

Electrolytic Zinc 

A large plant has recently been installed in Idaho for 
the production of electrolytic zinc by the “Tainton- 
Pring’' process. Good deposits of very pure zinc are 
obtained from the strongly acid solutions. The 
cathodic current density is about 100 amperes per 
square foot and the voltage per cell about 3)4 volts. 
The nominal capacity of the plant is 50 tons of zinc per 
day, with provision for trebling this output. Direct 
current of 16,000 amperes at 500 volts is supplied by 
two synchronous motor-driven generator units. The 
electrolsrtic cells are arranged in two groups of 150 cells, 
connected in series. Each cell contains 20 aluminum 
cathodes faced by anodes of a lead alloy. By ground¬ 
ing the mid-point of the circuit, the maximum voltage to 
ground is reduced to 250 volts. The purified zinc sul¬ 
phate solution is circulated to the cells until 90 per cent 
of the zinc has been extracted when the solution con¬ 
tains about 28 per cent acid. The deposition process 
is a continuous one with periodic changes of the electro¬ 
lyte. The current efficiency of the electrol 3 rtic process 
averages about 85 per cent. The zinc obtained by this 
process is of high purity and soft. 

Nickel 

Improved smelting and refining methods have re- 
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suited in improving the purity of commercial grades of 
nickel. Electrolytic nickel averaging 99.90 per cent, or 
better, is the highest grade produced on a commercial 
scale. This is especially suited to the production of 
alloys containing high percentages of nickel. It is 
available as “electro-squares” in a variety of conve¬ 
nient sizes. The ferro-nickel alloys containing large 
percentages of nickel are finding increased use in radio 
transformer cores because of their extraordinary 
permeability. 

Aluminum 

Figures have been published to show that the world’s 
production of aluminum has grown from 24,000 tons in 
1908, to 214,000 tons in 1927. Aluminum is typically 
an electrochemical product. At present two great 
outlets for aluminum and its alloys are in the manu¬ 
facture of automobiles and aircraft. It is said that 
more than 30,000,000 aluminum pistons were made in 
1928. Aluminum cylinder heads are beginning to ap¬ 
pear. Aluminum alloy frames for motor coaches are 
decreasing the non-profitable load of these bulky ma¬ 
chines. Aluminum crank cases and housings are 
already familiar. Light and strong alloys are neces¬ 
sary for airplane construction. The strength of a 
variety of these alloys is now very well known. The 
fire hazard in the airplane has been reduced and 
quantity production as in the case of automobiles has 
become possible. A new material called “alclad” 
which combines the strength of duralumin and the re¬ 
sistance to corrosion of pure aluminum seems destined 
to become important in many fields. Aluminum which 
at one time was considered a material chiefly for cook¬ 
ing utensils, has thus found a wider field. Aluminum 
cooking utensils continue to increase, but as an outlet 
for this metal this application is overshadowed by the 
newer uses in airplanes, automobiles, trucks, railway 
cars, furniture, roofing, decorative castings, and foil 
which competes with tin. 

Electric Furnaces 

In the electric furnace industry there has been a de¬ 
cided increase in the use of the high-frequency furnace. 
These furnaces, using a motor-generator tj^e of eqmp- 
ment, have entered the field of silver melting, and it is 
reported that 3.76 kilograms per Idlowatt-hour can be 
melted with this form of equipment as compared with 
2.9 kilograms per kilowatt-hour for the earlier type 
operated by an oscillator. The high-frequency furnace 
is well established in the non-ferrous field, and it seems 
likely that it will find use in the steel foundry as a con¬ 
venient means of holding the heat. A large number of 
electric furnaces, mostly of the resistor type, has been 
installed for the nitriding processes for steel. A very 
hard surface is obtained similar to that produced by 
case hardening but superior in some respects. 

Ceramic engineers have accomplished much after 
years of experimentation and many failures, and have 


succeeded in introducing the electric furnace into glass 
and porcelain industries. 

In the carbide industries, the desire to increase the 
unit by increasing the ampere input at 100 to 200 volts 
has met with difficulties and the electric furnace engi¬ 
neer is confronted with the problem of how to overcome 
these limits of design without increasing voltage. At 
25 to 60 cycles, the present electrical equipment will not 
permit of commercial operation beyond 3000 amperes 
per furnace unit. 

A number of electrical furnace installations has 
been recorded in different parts of the world for the 
production of phosphoric acid and potassium phos¬ 
phate. There is every indication at the present time 
that the electric furnace will eventually displace the 
sulphuric acid process in the manufacture of phos¬ 
phoric acid. A noteworthy event has been commer¬ 
cialization of the electric furnace for smelting zinc from 
its ore. At one plant a furnace turning out 50 tons of 
pure spelter per day has been reported. 

The largest peace-time electrol 3 rtic alkali-chlorine 
plant has been put in operation in the vicinity of 
Charleston, West Virginia. This locality is rapidly 
becoming a center of electrochemical industry. 

Batteries 

In the battery field the production of batteries for 
automobiles has continued to increase, the number 
produced yearly being variously estimated from 11 to 
15 millions. The quality of dry cells has increased 
since the standard specifications were adopted for them 
several years ago and a proposal to materially increase 
the minimum requirements for the various sizes and 
kinds is now before the Sectional Committee on Dry 
Cells. The dry-cell industry has felt the inroads of the 
alternating current radio sets, but it is likely that a 
large number of battery sets will continue to be used. 
In the field of small rectifiers, the most important 
development has been the copper-copper oxide type 
which has displaced many of the electrolytic types. 

Electrochemical Research 

Interesting results are being obtained in the study of 
the nature of conduction found in dielectrics and par¬ 
ticularly in insulating oils. This field of research re¬ 
quires a knowledge of both electrical and chemical 
processes. Relationships have been found between the 
variation of conductivity with time, the accumulation 
of space charges, and the final dissymmetry of the po¬ 
tential gradient. 

A new material of extreme hardness for machine 
cutting tools has been placed on the market under the 
name of “carboloy.” It consists of tungsten carbide 
and cobalt. The carbide is extremely hard and the 
cobalt increases the strength. 

The demands of industry for new and pure materials 
has encouraged the development of electrical processes. 
Rare metals have been produced by electrolytic methods 
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and these are gradually coming into the field of tech¬ 
nology. We can not anticipate the uses that they may 
ultimately find in the service of mankind, but the ex¬ 
perience with others which we now regard as common 
indicates that uses rapidly arise when such materials 
become available commercially. The further purifica¬ 
tion of the more common metals and the elimination of 
almost the last fractional percent of the impurities has 
revealed surprising changes in their mechanical and 
chemical properties. Electric furnace products bear 
the brand of superior quality and by the use of electric 
heating many improvements have been made in working 
conditions. 

The Committee wishes again to acknowledge the 
helpful cooperation of Professor Colin G. Fink, Secre¬ 
tary of the American Electrochemical Society. 


Discussion 

E. Pleischmann: May I point out a reference here in the 
report to the large number of electric furnaces, mostly of the 
resistor type, vhich have been installed for the “nitriding” of 
steel. This, of course, is distinctly a heat-treating process; but 
it has some phase of metallurgy and chemistry, not electrochem¬ 
istry, connected with it. It is particularly interesting because it 
eliminates many of the disadvantages which have been found 
with the use of electric furnaces for carburizing, and some of the 
physical disadvantages attendant upon cyaniding. Cyaniding 


has caused a good deal of trouble in shops due to poor ventilation 
and the danger of inhaling the cyanide fumes, and these difficul¬ 
ties are very largely eliminated by nitriding. 

Numerous electric and, in fact, other furnaces, have been used 
for this work; but the electric furnace permits a degree of control 
which is particidarly important in putting a hard case on steel 
products, which formerly had to be packed in some type of car¬ 
bonaceous compound; the compound and heavy box heated; and 
then the whole dumped out and the parts sorted out for further 
processing. Much of this work is eliminated by the nitriding 
process; and it seems particularly fitting that a committee of the 
Institute has taken an interest in it. It is one of the important 
developments of the uses of electric heating today. 

J. C. Lincoln: There is a plating concern in Cleveland called 
the Metal Protection Company which does nickel plating that is 
very much superior to anything I have ever seen, and the method 
is to me at least of very great interest. I have seen pieces of steel 
yi in. thick coated with nickel to a thickness of 1/16 in. on each 
side, and that strip run through rolls so that the steel is reduced 
to 1/32 in. and the nickel to 0.006 or 0.008 inch. That is a very 
severe mechanical test on the adhesion of the nickel to the steel. 

The method used is called the degasification process. The 
part to be plated is attached to a 12-volt electric circuit and 
dipped in a tank containing pure sulphuric acid which is con¬ 
nected to the other side of the electric circuit. The current rises 
to a rather distinct maximum and then very suddenly drops to 
zero at which time the plate is said to be degasified. After that 
treatment the nickel is put on in the ordinary way and it is so 
much more adherent to the steel than it was before, that it will 
stand this rolling process I speak of without injury to the joint 
between the nickel and the steel. 



Electrophysics 

ANNUAL REPORT OF THE ELECTROPHYSICS COMMITTEE* 


To the Board of Directors: 

One of the Committee’s principal functions has been 
to serve as a connecting organization between the 
world of physics and the Institute. We have been 
tr 3 dng to serve this purpose by encouraging papers 
which bring in new concepts, phenomena, and ter¬ 
minology from working physicists, and discouraging 
contributions which are results of “inbreeding.” 
Dielectric phenomena and dielectric theory are two 
particularly live topics, and there is a constant danger 
of unnecessarily burdening the Institute publications 
with contributions which contain more undigested 
data and unfounded speculations, and which do not 
bring us any nearer to a rational understanding of the 
underl 3 ring molecular phenomena. 

A similar tendency exists in regard to the nature of 
induced electromotive force, magnetic phenomena, 
discharges in gases, etc. Men with engineering training 
or with training in nineteenth-century physics, when 
they become interested in such physical phenomena, 
are apt to treat them on a basis which from the point 
of view of modmi physics may be called a blind alley. 
It has been the committee’s concern to see to it that 
the gap which has grown between electrical engineering 
and atomic physics within the last fifteen or twenty 
years, be reduced as much as possible rather than 
opened wider. Physics is rapidly forging ahead along 
new paths and it is our privilege and duty as engineers 
to use as many of its recent achievements and methods 
as possible, in the solution of our outstanding problems. 


Dielectrics 


A large percentage of papers submitted to the Com¬ 
mittee on Electrophysics has to do with dielectrics and 
their behavior. One of the sessions at the Winter 
Convention was largely devoted to this topic, and 
papers were presented on anomalous conduction, di¬ 
electric absorption, dielectric constant, power loss, and 
corona. Several other papers have been since approved 
for publication or for presentation at future meetings. 

Much work on dielectrics is being done under the 
auspices of the Committee on Electrical Insulation 
of the National Research Council and also by the 
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American Society for Testing Materials. Their reports 
and publications should be consulted in addition to the 
material found in the A, I. E. E. Transactions. 
There is also a Government Research Committee on 
this subject in England. Many valuable articles on 
dielectrics will be fo.und in the Archiv fur Elektrotechnih, 
and in some recent British and German books on dif¬ 
ferent phases of dielectric behavior. 

Under the auspices of the above mentioned Commit¬ 
tee on Electrical Insulation, several subcommittees 
were formed in 1928, among others a Subcommittee 
on Physics, V. Karapetoff, Chairman, and Subcom¬ 
mittee on Chemistry, F. M. Clark, Chairman. Both 
subcommittees are already functioning, and through 
them many prominent physicists and chemists have 
been drawn into the study of scientific aspects of 
dielectrics. 

A symposium on dielectrics was participated in by the 
Subcommittee on Physics, in connection with the April 
meeting of the American Physical Society in Washing¬ 
ton, D. C. This symposium was well attended and will 
probably lead to greater interest in dielectric behavior 
among physicists. Several scientific monographs are 
proposed to be issued, each covering a particular topic, 
such as breakdown of solids, ionization in gases, dielec¬ 
tric constant, absorption and loss, deterioration by ionic 
bombardment, etc. 

Among topics on dielectrics which are now being 
considered and studied by various individual physicists 
in this country, the following may be mentioned: 

Mechanism of dielectric breakdown under simple 
idealized conditions of thin layers, crystals, etc. 

Dielectric polarization, absorption, relaxation, loss, 
and kindred phenomena. 

Dielectric constant and its connection with the 
molecular structure. 

Relationship between mechanical and dielectric 
strength of crystals. 

Influence of surface and space charges on conductivity 
of dielectrics. 

Electronic and ionic bombardment of dielectrics, 
and the resulting physical and chemical changes. 

Mobilities of ions. 

Nature of ions in various gases. 

Distribution of space charge. 

Considerable work on dielectrics is being done in 
connection with an endeavor to improve cable insula¬ 
tion, and it is difficult to determine where the domain of 
electrophysics ends and that of practical applications 
begins. In this connection, attention is called to the 
paper by Professor Dawes presented at the Winter Con¬ 
vention and to the symposium on cables held at the 
Johns Hopkins University last November. Much 
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fruitful work on dielectrics is being done there by 
Professor John B. Whitehead and his co-workers. 
Among other investigations, a study has been completed 
showing that MaxwelPs law does not explain the loss in 
composite dielectrics, and another investigation on 
losses in air condensers. 

While an examination of the year's scientific literature 
would lead one to lOxpect that investigations of the 
deterioration of high-voltage cable insulation and 
related phenomena, had been dropped, the amount of 
work actually in hand is far greater than in any other 
period. Several industrid and university laboratories 
are TnnTHng intensive investigations of such insulation 
with special reference to stability of the insulation 
itself and^ the factors determining it. Several informal 
reports have been presented from time to time but none 
of the work appears to have reached a stage where those 
responsible for it are ready to present formal published 
reports. It seems not too much to expect that these 
investigations will greatly extend our knowledge of the 
mechanism of insulation failure. 

It is of particular interest to note a large number of 
chemical investigations under way which will contribute 
to the progress of our knowledge of dielectrics. Of 
course, most of these researches have been undertaken 
without any thought of contributing to a study of dielec¬ 
trics, but the fundamental relationships cleared up will 
undoubtedly prove useful in applications. Thus, at 
the last meeting of the American Chemical Society, 
April 29 to May 3, the following papers of interest to 
“dielectridans” were presented: 

“Sorption of Water Vapor by Cellulose and Its 
Derivatives,” by S. E. Sheppard and P. T. Newsome. 

“Influence of Anti-Oxidants on the Oxidation Rate 
of Linseed Oil,” by A. M. Wagner and J. C. Brier. 

“Electric Moments and Electric Structure in Ali¬ 
phatic Compoimds,” by C. P. Smyth. 

“Molecular Structure as Revealed by Dielectric 
Constant Data,” by J. W. Williams. 

“The Effect of Symmetry on Molecular Properties,” 
by D. H. Andrews and E. E. Reid. 

“Chemical Effect of Electrical Discharge on Gaseous 
Hydrocarbons,” by S. C. Lind and George Glockler. 

“Polymerization of Unsaturated Hydrocarbons,” by 
B. T. Brooks. 

“Determination of Sulphur in Petroleum Oils,” by 
R. C. Griffin. 

High-Voltage Research 

Using the principle of charging capacitors in parallel 
and discharging them in series, very high impulse volt¬ 
ages have been generated for test purposes. A voltage 
of 5,000,000 has been produced in this way and even 
higher voltages have-been applied to transmission lines. 
The phenomena of attenuation, reflection, etc., of 
traveling waves have been studied by means of the 
cathode ray oscillograph. This work is being continued 
on a larger scale. The cathode ray oscillograph was 


also used to record impulses on lines due to natural 
lightning. Only two records were obtained in this first 
attack on this problem, but a start has been made and 
more extensive data should be collected this summer. 
The cathode ray oscillograph was used for a laboratory 
study of a number of interesting and important phenom¬ 
ena, such as the impulse flashover of insulators and the 
distribution of transient voltages in transformers. The 
study of transients on transmission lines by means of the 
klydonograph has been continued. These instruments 
are useful in a general study, but the cathode ray oscillo¬ 
graph is now available and is being used for more 
definite and accurate recording of the shape and 
amplitude of transients with steep wave fronts. (Corir 
tributed by K, B. McEachron.) 

The year's work at the Ryan Laboratory, Stanford 
University, California, resulted in three papers. One, 
by lissman (A. I. E. E. Trans., Vol. 48, Jan. 1929, 
p. 146) analyzes lightning phenomena in the light of 
laboratory experience, and gives a detailed picture of 
what actually goes on in a lightning stroke. The 
second paper, by Carroll and Cozzens (A. 1. E. E. 
Trans., Vol. 48, Jan. 1929, p. 1) reports results on 
sphere-gap sparkover voltages up to over one million to 
ground. It was found that the voltage per inch required 
to break down gaps in excess of 9 ft. decreased so rapidly 
with increased spacing as to establish an approximate 
economic limit of high voltage for power transmission. 
The final paper, by Dr. J. T. Lusignan (A. I. E. E. 
Trans., Vol. 48, Jan. 1929, p. 246), ^ves the probable 
history of an a-c. flashover, as obtained from oscillo¬ 
graphic and spectroscopic evidence. 

Dielectric Constant, Molecular Structure, 
AND Molecular Moment 

During the past year considerable research has been 
carried out on the subject of molecular moment and its 
relation to dielectric constant and molecular structure. 
The work has chiefly centered around the Debye 
theory. In general, tMs theory is becoming more and 
more accepted, although a large number of the re¬ 
searchers find that the theory does not fit in with ex¬ 
perimental behavior in a great many instances. 

In a study of the variation of the dielectric constant 
of gases with temperature and pressure, Magdalene 
Porro finds in the Z. Physik, 47, 430 (1928) that the 
constants of the Debye equation, (e — l)/(€ -f- 2) 
(T/d) — aT -\-b, change with temperature and pres¬ 
sure. For hydrogen, nitrogen, and air, a (which is the 
optical contribution to the dielectric constant) is of 
constant value, while b (which is the permanent dipole 
contribution) is zero. For carbon monoxide the value 
of b varies with pressure at constant temperature. The 
temperature coefficient of b for carbon monoxide in¬ 
dicates a dipole moment of 0.108 X 10"^® at 1 atmo¬ 
sphere to 0.147 X 10“^® at 6 atmospheres of pressure. 
The variation of the permanent dipole contribution to 
the dielectric constant can be expressed as either a 
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linear or as a quadratic function. For carbon dioxide, 
however, this permanent dipole effect varies with the 
density as a quadratic function, the dipole moment 
var 3 dng from 0.192 X lO-^® at 1 atmosphere to 0.217 
X 10“^* at 6.53 atmospheres.. 

Study of the molecular moment and dielectric con¬ 
stant in organic and inorganic solutions has been a 
particularly favored field of investigation during 1928. 
In general, the work has been in agreement with the 
results obtained by G. Rock and S. Klosky published 
in the Journal of Physical Chemistry^ 33, p. 143 (1929) 
who have found that the dielectric constant of solver sols 
is essentially that of the dispersion medium. The 
dielectric constant of solutions may, of course, vary with 
the concentration. A. Thiel and E. Horn in the 
Z. Anorg. Allgem. Chem. 176, p. 403 (1928) studied the 
effect of concentration on aqueous solutions of methyl 
orange, helianthin, and other ampholytes. In the case 
of methyl orange and the ortho or para amino-benzoic 
acids the dielectric constant-concentration curves show 
a continual drop in dielectric constant with increasing 
concentration. An aqueous solution of helianthin, 
however, shows a dielectric constant practically the 
same as water. With some materials these authors 
report that the dielectric constant drops with increasing 
concentration to a minimum value beyond which the 
dielectric constant increases with concentration to a 
value which is ultimately higher than that of the 
solvent itself. This agrees with previously published 
work on urea and . other compounds investigated by 
Harrington {Physical Review 8, 581, 1916). The ma¬ 
terials which show this increase in dielectric constant 
with increasing concentration reaching values higher 
than that of the solvent itself are usually amino deriva¬ 
tives. Future researchers could profitably be concerned 
with this peculiar characteristic of these compounds. 
It has, of course, been long recognized that following 
the dictates of the accepted theory high dielectric 
constant involves orientation of molecules in the field. 
N. Marinesco {Comptes Rendus 187, 718, 1928) again 
shows that when a liquid with permanent dipoles is 
solidified the dielectric constant falls sharply. His 
explanation is the usually accepted one that after 
solidification the orientation of dipoles can no longer 
follow the inversions of the field. The inability of 
dipoles to orient, however, can be brought about by 
other means than actual solidification. For instance, 
a dipole molecule in water solution may be fixed with 
ion condensation due to its strongly developed electro¬ 
static sheath. Absorption by colloidal hydrophyls may 
produce the same effect. The water fixed by a colloid 
can be determined by a study of the dielectric constant 
change with increasing concentration of the solution. 

Debye {Z.f. Elektrochem. 34,450,1928) has continued 
his investigation of electric moment. In this publica¬ 
tion it is shown that polar molecules have a dipole 
moment whether or not the dissociation products are 
charged. The molecular polarization is made up of 


two parts. Pi, the orientation of the molecule as a whole, 
and Po, changes due to the deformation of the electrical 
equilibrium in the molecule. Po and Pi can be separated 
for study by observing the molecular polarization at 
different temperatures, since Po is independent of tem¬ 
perature and Pi varies inversely as the temperature. 
Po and Pi can also be determined by studies of molecu¬ 
lar refraction. 

Study of dielectric constant is primarily of physical 
interest because of its relation to molecular structure. 
The Debye theory is the tool generally used in this study. 
Considerable information has been obtained from such 
researches during the past year. W. 0. Ostwald, for 
instance, in the KoUoid Z. 45,56 (1928) summarizes the 
situation as follows: 

1. Simple hydrocarbons show slight orientation 
polarization. 

2. Halogen derivatives show marked dipole mo¬ 
ments, especially the ortho and cis isomers. However, 
completely chlorinated methane (CCU) shows little 
polarization. 

3. The alcohols have an electric moment increasing 
with the number of CHa groups. 

4. The aldehydes and ketones are of high electric 
moment. 

5. The ethers, primarily amines and nitrogen bases, 
possess moderate moment. 

6. The nitriles, cyanides, and thiocyanates have 
high electric moment. 

7. The fatty acids have an electric moment greater 
than 1. 

8. The chlor-acetic acids have an electric moment 
decreasing with the number of chlorine atoms present. 

9. The esters show an electric moment between 1.2 
and 2.0, increasing in homologous series. 

10. The mercaptans have marked electric moment. 
(Carbon disulphide, however, is of small moment.) 

11. High electric moment is shown by the organic 
nitro compounds. 

If the dielectric constant be plotted against the dipole 
moments a curve is obtained showing a maximum di¬ 
electric constant for intOTmediate values of electric 
moment. Liquids with a density of 0.8 appear to 
occupy exceptional positions. In the case of organosols 
all substances whose additive products do not tend to 
coagulate have high dipole moments and high dielectric 
constants. The strongest coagulants have weak or 
zero dipole moments. Such materials are benzene, car¬ 
bon tetrachloride, and hexane. The halogen isomers of 
ethane and benzene have been studied by numerous 
physicists. A. Errera has continued his investigations 
started some years ago, on di-chlor substitution prod¬ 
ucts. In previous publications he has already given 
strong proof of the validity of the Debye theory of 
permanent dipoles, from work on the di-halogen de^ 
rivatives of ethane and benzene, by showing that if the 
charge on the various atoms substituted in a molecule 
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is known the positions which are occupied on substitution 
in the parent molecule can be determined. 

Van de Walle and Henne have established the po- 
ffltion of the atoms in the sereo isomers of chloroiodo- 
ethylene. From his researches, Errera concludes that 
the iodine atom in the chloroiodoethylene is tervalent 
and positively charged with respect to chlorine. The 
nature of the charge is based on the conclusion that if 
the iodine atom is positive with respect to chlorine then 
the dipole moment of the cis derivative in which both 
halogens are nearest must be smaller than the dipole 
moment of the trans derivative. Errera finds that the 
dipole moment of the trans isomer is at least twice that 
of the cis. 

An interesting study of molecular structure from the 
standpoint of dielectric constant and molecular moment 
has been reported by J. W. Williams and Arnold 
Weissberger (J. A. C. 50, 2332,1928). These authors 
have investigated the molecular structure of diphenyl 
derivatives and from a study of molecular moment 
at 25 deg. cent, have found that the di-chlor and di- 
nitro para products have an extended molecular struc¬ 
ture. The di-amino (para), however, has a closed up 
formula. This conclusion agrees with previous re¬ 
searches and is of considerable importance in explaining 
the properties already recognized for the 4-4' di-amino 
diphenyl. 

Researches for the past five years have indicated that 
the dielectric constant of liquids varies with pressure 
to an extent which is more pronounced the higher the 
dielectric moment of the molecule under investigation. 
L. Cagniard {Ann. de Physique 9, 460, 1928) continues 
his previous studies and observes that the dielectric 
constant of carbon tetrachloride, hexane, and cyclo¬ 
hexane, all of which have low molecular moment, is a 
linear function of the pressure. Study of the variation 
of the coefficient of d e/d p with temperature from 20 to 
30 deg. shows a change for the dipole gases less than 
that deduced from the Debye theory. With non-polar 
gases, however, the change is greater than that deduced 
from the Debye theory. 

According to the Debye theory, the dielectric con¬ 
stant should dea*ease with inta*easing field strength. 
This in many researches has not been observed to the 
extent indicated by the theory. J. Malsch, however, 
observes that the effect of voltage is greater with the 
smalla* dielectric constant materials {Physik. Z. 29, 
770,1928). The absolute value of the effect of voltage 
at approximately 250,000 volts per centimeter is indi¬ 
cated as follows: 

d e/e = 1 per cent for nitrobenzene 
= 0.7 per cent for water 
= 1.5 per cent for ethyl alcohol 
F. Kautzsch {Physik. Z. 29,105,1928) has investigated 
the dielectric constant of chloroform and ethyl ether 
xmder varying field strengths. He has found that the 
dielectric constant of these materials increases with in¬ 


creasing electric stress but with the higher fields applied 
the dielectric constant is smaller than that predicted 
by the Debye theory. Calculations of molecular mo¬ 
ment from his researches show that ethyl ether has a 
value of 1.207 X 10““, chloroform 1.026 X 10““, and 
chloro‘benzene 0.645 X 10““. 

P. Boning is publishing a series of articles in the 
Zeits. f. Tech. Phys. 9, 212 (1928) describing the char¬ 
acteristics of dielectrics. In the article referred to he 
points out that the conduction in solid and liquid in¬ 
sulators appears to be electrol 3 rtic in character. There 
occurs an absorption of ions at the bounding surfaces 
in heterogeneous materials. Conduction in dielectrics 
appears to give rise to a system of canals filled with 
electrolyte. The variation in dielectric constant with 
voltage, usually observed in technical insulation, is 
credited by Boning to the absorption of ions at the 
bounding surfaces of these canals. These articles by 
Boning are being continued and show considerable 
merit. {Contributed by F. M. Clark.) 

Ferromagnetism 

Heisenberg has been partially successful in explaining 
the origin of ferromagnetism on the basis of the 
spinning electron and the Fermi-Dirac statistical 
theory. His theoretical deduction is that a material 
cannot be ferromagnetic unless it is composed of atoms 
which have 3-quantum electrons and which are sym¬ 
metrically surrounded by at least eight neighbors. 

Honda suggests that the electrons in the nucleus 
are responsible for the origin of ferromagnetism. His 
picture avoids the difficulty of the Larmor precession 
of extra-nuclear electron orbits. 

Weiss and Forrer have redetermined the va’ue of the 
Weiss magneton in iron and nickel, and reviewed the 
literature to show that the magneton is the unit in all 
magnetic materials. 

The increase in specific heat, due to loss of mag¬ 
netism near the magnetic transformation tempo-ature, 
has been measured by Bates for manganese arsenide 
and compared with the values calculated according to 
Weiss from the magnetization-temperature curve, with 
good agreement. 

Numerous papers describe experimental and theo¬ 
retical work on the properties of single crystals of 
ferromagnetic materials. Honda, Masumoto, and Kaya, 
and Dussler, report the effect of temperature on the 
magnetization of single iron crystals. The magnetiza¬ 
tion curves do not differ radically from those for 
ordinary iron. In general, single crystals have some¬ 
what higher permeability, and lower coercive force and 
hysteresis loss, and the properties depend to some extent 
on crystallographic direction. Kaya has found that 
the change of electrical resistance with magnetization 
is different in the various crystallographic directions in a 
single crystal of nickel. Mahajani in an elaborate 
calculation has explained the deviation between the 
direction of the magnetic field and the direction of the 
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magnetization in single crystals of iron. His calcula¬ 
tion is based merely on the magnetic effects of the atom- 
magnets on each other. Akulov has similarly cal¬ 
culated the magnetostriction of single iron crystals as 
dependent on crystallographic direction. Peddie has 
investigated theoretically the effect of temperature. 

Elmen has reported the remarkable magnetic prop^ 
erties which he has found in some alloys of iron, cobalt, 
and nickel. These alloys, named “perminvars,’" when 
properly heat treated have permeabilities which are 
unusually constant up to fields of several gausses. 
They have therefore very small hysteresis losses for 
low flux densities. 

Yensen has carefully decarburized and deoxidized 
iron and observed a maximum permeability of 61,000, 
considerably higher than any reported by others. An 
initial permeability of 1150 and hysteresis loss of 300 
ergs/cm.®/cycle for B^ax = 10,000 were also reported. 

The magnetic characteristics of iron-nickel and other 
alloys have been investigated anew by Gumlich, Stein- 
haus, and Kussmann. The magnetic properties of 
cobalt have also been redetermined by Samuel. 

Measurements of the permeability and magneto- 
sldction of various alloys containing iron, cobalt, and 
nickel have been made by Schulze. 

The change in magnetization which occurs dis- 
continuously (Barkhausen Effect) on the steep part of 
the hysteresis loop, has been found by Bozorth to be 
the whole change in magnetization, and not a small 
change superposed on a relatively large continuous 
change. Measurements of the Barkhausen effect have 
also been made by Pfaffenberger. 

The distribution of heat emission at various points on 
the hysteresis loop has been determined by Adelsberger 
and by Constant. 

The time lag in magnetization which is frequently 
ascribed to magnetic viscosity has been shown by 
Bozorth to be due to the decay of eddy-currents, which 
takes place at a calculable rate. 

Newmann shows experimentally and theoretically 
how the eddy-current losses in several materials depend 
on the shape of the hysteresis loop at frequencies up to 
2500 cycles per second. 

A theory of the aging of Heusler alloys has been 
proposed by Kussmann and Schamow, and criticized 
by Auwers and Weinnoldt. A contribution to the 
theory of these alloys has also been made by Persson 
on the basis of his X-ray analysis. 

A book entitled “Magnetic Properties of Matter^ 
has recently been published (in English) by Kotaro 
Honda of Tohoku Imperial University, Sendai, Japan. 
{Contributed by 0. E. Buckley.) 

Experimental Investigation op Thermal Relations 
OP Energy op Magnetization 
A graduate student at Columbia University, Mr. 
Walter B. Ellwood, working on hysteresis in iron, has 
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succeeded in his attempt at a solution of an outstanding 
problem in magnetism which has hitherto defied attack. 
The following note, which is a first report on this work, 
vras received from Professor A. P. Wills, under whose 
direction the investigation was carried on. 

Experiments were undertaken for the purpose of 
determining the mechanism of the degradation of 
energy which accompanies magnetization in ferro¬ 
magnetic substances. The experimental method con¬ 
sists in observing the change in temperature of a test 
specimen produced by a change in the magnetizing 
force at consecutive intervals in a single cycle of 
magnetization. 

The test specimen is in the form of 106 bars of soft 
steel drill rod one mm. in diameter. The bars are so 
mounted as to form 8 coaxial concentric cylinders, and 
the lengths of the cylinders are so determined as to give 
the aggregate the form of an ellipsoid of revolution 
whose minor and major axes are 3.4 cm. and 60 cm. 
respectively. One hundred and six copper bars of the 
same dimensions alternate with the steel bars in the 
structure; 106 thermocouples are constructed by con¬ 
necting adjacent copper and steel bars alternately with 
3 mm. lengths of No. 40 copper wire and No. 34 con- 
stantan wire. A coil around the center of the ellipsoid 
permits the evaluation of the total magnetic flux in 
the specimen. The entire specimen is embedded in 
rice powder and placed in an evacuated, silvered glass 
tube. Adequate thermal insulation isolates the latter 
from the magnetizing solenoid in which it is placed. 
The stability of the entire electrical and thermal 
system is indicated by a zero shift of only 2 mm. per 
hour on a scale 6 meters from the thermocouple gal¬ 
vanometer. A measure of the uniformity of the mag¬ 
netizing field in the ellipsoid is obtained by connecting 
half the thermocouples (associated with the inner bars) 
in opposition to the other half. Under these circum¬ 
stances a revOTsal of the full magnetizing field which 
produces a rise in temperature of the steel corresponding 
to a galvanometer deflection of 220 mm., yields a de¬ 
flection of only 4 mm. 

The results of the investigation were represented by 
curves, the intensity of magnetization and the tem¬ 
perature being plotted against true magnetizing field. 
One of the curves is the upper part of the usual “hys¬ 
teresis loop” for the steel. A portion of it indicates the 
loop obtained when the impressed field is reduced to 
zero and then restored to its former value. Another 
curve shows the total change in the temperature of the 
steel at every stage in the process of demagnetization 
and reversal of magnetization. A third curve shows 
the total change in temperature corresponding to the 
process indicated by the hysteresis curve. 

The not inconsiderable cooling of the steel in the 
neighborhood of zero magnetizing field, as well as the 
continued cooling accompanying remagnetization on 
the upper part of the hysteresis loop, are notable fea¬ 
tures of this record. 
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Propagation op Electromagnetic Waves 

IN Space 

The subject of wave propagation has been studied 
theoretically and experimentally and the existence of 
the Kennelly-Heaviside layer can be regarded as a fact. 
The resultant signal received at any point is the vector 
sum of the ground wave and the indirect wave coming 
down from the ionized layer. The waves radiated from 
a normal aerial have their electric vectors vertical to the 
surface of the ground, and almost so at the receiving 
end. This means in the optical language that the 
received ground wave is horizontally polarized. The 
downcoming wave is generally elliptically polarized 
and the resultant field of both waves is usually complex. 
This gives rise to bearing errors in direction finding and 
causes the well known fading. 

Hollingworth finds that downcoming waves which are 
longer than 10,000 meters are usually plane polarized. 
The direction of the plane is approximately constant 
during the day but during the sunset and sunrise 
periods it varies in a manner depending on the distance 
between the sender and the receiver. At some dis¬ 
tances the plane is turned clockwise and at other dis¬ 
tances coimter-clockwise. 

For waves of 400 meters at distances of 100 miles the 
downcoming components are circularly polarized. 
This means that both the electric and magnetic vectors 
have constant amplitude but rotate synchronously, 
the direction of rotation depending on the direction of 
the earth^s magnetic field. This would mean a right 
handed rotation in all parts of the Southern hemisphere. 

For 15 and 50 meter waves, T. L. Eckersley finds the 
downcoming waves almost plane polarized, the plane 
rotating slowly with the period of a few seconds. 
This should produce fading when a vertical or a hori¬ 
zontal aerial is used for receiving. But fading seems 
mostly due to a change in intensity of the downcoming 
waves rather than to a change of phase with respect to 
the ground wave. 

For waves of 400 meters length and the distance of 
80 mi., the height of the layer changes during the night 
from 90 km. at sunset to about 130 km. at one hour 
before sunrise. But on occasions, during the winter 
months, heights as high as 250 to 350 km. have been 
found. (It is understood, of course, that all these 
heights are only apparent values and higher than actual 
heights of the ionized layer.) 

Measurements using the method of interference 
fringes show that two sets of fringes may often be ob¬ 
tained, one corresponding to about 100 km. and the 
other to about 250 km. of height. Hence there must 
be two regions in the upper atmosphere where the 
ionization density tends to become a maximum after 
several hours of darkness. The lower maximum can 
transmit an incident wave • downward to the earth. 
During the middle of the day a third layer less than 100 
km. can exist. It has little reflecting power but it 


causes attenuation. This layer is probably the same 
layer as originally suggested by lindemann and 
Dobson. 

Examining the theory it seems ^trange that a radio 
engineer should be so well acquainted with the physical 
behavior of the ionized region whereas the pure physi¬ 
cists with the exception of a few workers in the field, 
are hardly aware of the powerful tool available for 
studying the conditions in the upper atmosphere by 
means of radio waves. All the theoretical workers in 
the field assume certain ionic or electronic concentra¬ 
tions in certain portions of this layer in order to confirm 
certain radio measurements. Would it not be much 
better if instead of assuming such ionic densities, the 
pure physicist would take some interest in this phase of 
work and predict from radio measurements what we 
actually have up there? 

Long interval echo signals (duration up to several 
seconds) have been explained by rays passing through 
the Heaviside layer into huge empty pockets surrounded 
by an electron shell and reflected from the shell back to 
the earth. 

So far as thermionic tubes are concerned, the 
Schottky-Hull (A. W.) screen grid tube has been de¬ 
veloped by several manufacturers in this country and 
abroad with decided success, so that it is possible 
today to produce stable radio frequency amplification 
of a very high order and down to very short waves. In 
Europe also three-grid tubes (Pentodes) have come on 
the market in order to have tubes of low impedance 
with still a high amplification factor. {Contributed by 
August Hund.) 

Physics of Radio Communication 

In Europe much attention has been given to the 
effect of trees, buildings, built up areas, etc., on the 
attenuation of radio waves. Examples of such studies 
are those of Barfield {Inst, of Elec. Eng. Jl., 1928 and 
1929). 

Among the important investigations of short wave 
propagation are those of Heising {I. R. E. 16, 75, Jan., 
1928), Taylor and Young {I. R. E. 16, 561, May, 1928), 
Mesny {UOnde Elec. 7, 130, April, 1928), Meissner and 
Rothe {I. R. E. 17, 35, Jan., 1929) and oth^s.’ 

Our present knowledge of static is summarized in a 
paper by Watson Watt (E. W. and W. E. p. 629, Nov., 
1928). Carson has shown that it is impossible to 
eliminate static disturbances in receivers by audio fre¬ 
quency balancing schemes (I. R. E. 16, p. 966,1928). 

Advances have been made, in the production of os¬ 
cillations having wavelengths of less than 1 meter. 
Important publications on this subject are by Yagi 
(I. R. E. p. 715, June, 1928), Hollmann {I. R. E. p. 229, 
Feb., 1929), and Okabe {Journ. Inst, of E.E. Japan, 
March, 1928, p. 284). 

An excellent summary of the status of direction 
finding was recently published in the I. R. E. (p. 425 
March, 1929) by Smith-Rose. 
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Th© Bureau of Standards has developed a successful 
aircraft radio beacon (/. R, E. 16, p. 890. July, 1928). 
An extensive bibliography on aircraft radio has been 
published by Jolliffe and Zandoninini (I. R. E. 16, 
p. 985, July, 1928). 

^ In the field of vacuum tubes, Hull has developed a 
high-voltage two-element gaseous rectifier, and a three- 
element gas tube, both of remarkable characteristics, 
(A. I. E. E. Quarterly Trans., Vol. 47, July 1928, p. 753). 
Four-element double grid commercial tubes have been 
developed, and five-element tubes are now in the ex¬ 
perimental stage. 

The problem of frequency, stabilization continues to 
be a vital problem in radio. Mechanical resonators, 
such as qu^z crystals, regenerative tuning forks, and 
magnetostriction oscillators operated under carefully 
controlled conditions, are the best solution yet found to 
this problem. An extensive bibliography on piezo¬ 
electricity has been prepared by Cady (I. R. E. 16, 
April, 1928, p. 521). 

The most remarkable discovery that has been made 
recently in short wave propagation is the discovery by 
Stormer and Hals of echo signals with time delays as 
great as 15 seconds after reception of the original signals 
{Nature, Vol. 122, Nov. 3,1928, p. 681). Similar echoes 
have also been observed by van der Pol {Nature, Vol. 
122, Dec. 8,1928, p. 878.) These Stormer-Hals echoes 
have aroused great interest, and several explanations 
have been advanced concerning their origin. 

Attention is called to the abstracts appearing each 
month in the English magazine Experim&ntal Wireless 
and Wireless Engineer. These cover all the important 
^ticles on radio communication, and report the most 
important ones in much more detail than does Science 
Abstracts. {Contributed by F. E. Terman.) 

Subcommittee on Reactive Power 

In October 1928 the A. I. E. E. published an English 
edition of the “Questionnaire on the Problem of Re¬ 
active Power,’^ prepared by the National Roumanian 
Institute for the Study of the Development and Utiliza¬ 
tion of Sources of Energy, for the Advisory Committee 
for the Improvement of Power Factor of the Interna¬ 
tional Conference on Large High-Voltage Systems. 

This is a 21-page 9 by 12-inch pamphlet with an intro¬ 
duction by Dr. C. O. Mailloux. The questionnaire 
treats in great detail of the theoretical and practical 
aspects of the subject, with an extensive list of references 
appended. 

The questionnaire has been referred by the Standards 
Committee of the Institute to the Committee on Electro¬ 
physics for an opinion. Since most of the members of 
this committee are following entirely different lines of 
work, it was deemed advisable to form a special sub¬ 
committee. Dean 0. J. Ferguson of the University 
of Nebraska kindly consented to serve as Chairman of 
the Subcommittee. 

The subject of reactive power has several ramifica¬ 


tions, such as physical and mathematical relations in 
circuits, the technique of measurement, and elements of 
cost of power, leading to the subject of rates. The 
very fact that the Standards Committee referred the 
foregoing questionnaire to the Committee on Electro¬ 
physics indicated that an opinion was desired only on 
matters of physical facts and their mathematical formu¬ 
lation, and not on the purely engineering and com¬ 
mercial aspects of the situation. 

Of course, the subcommittee may find certain physi¬ 
cal relationships not only in the circuit aspects and 
measurements, but in the broad question of power costs 
as wdl, and there is no reason why^the latter aspect 
should not be considered in its general terms, without 
the numerical data. As the work of the subcommittee 
develops, its chairman will probably find it expedient 
to cooperate with the Committee on Instruments and 
Measurements, and possibly with one or two other 
technical committees. 

Statement by 0. J. Ferguson, Chairman of the Stib- 
committee on Reactive Power. The Subcommittee on 
Reactive Power recognizes the importance of the 
problem presented by the Roumanian questionnaire. 
The query is a troublesome one, recurring frequently. 
It has received the attention of the Institute at various 
times, as attested by groups of papers and discussions to 
be found in our publications. 

Perhaps the most infiuential item interfering with 
arrival at conclusive findings and recommendations is 
the lack of definite authoritative information as to what 
^e the practical requirements, where we may set 
limits to a strict adherence to theoretical bases, and 
where we may recognize empirical approximations. 

The answer as to this detail must come from the 
workers in the various fields. It will differ for com¬ 
mercial power applications from what will be deemed 
necessary in testing laboratories, or in communication 
circuits. 

Nominally, the task is recognized as an attack upon 
the following combination of theoretical and practical 
points: 

I. Acceptable definitions for reactive power under 
each of the following conditions: 

1. Single-phase circuits, non-sinusoidal waves. 

2. Polyphase circuits. 

A. Sinusoidal waves, unbalanced circuit. 

B. Non-sinusoidal waves. 

a. Balanced circuit. 

b. Unbalanced circuit. 

II. Establishment of practical methods for the 
measurement of reactive power in each of the above 
cases. 

III. Analysis of present ractive-power clauses in 
contacts, and establishment of a practical and fair 
basis for rate-making. 

In approaching this problem, we recognize, as stated 
above, that we can limit ourselves to theoretically 
correct bases only in so far as these are capable of giving 
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practicable methods, i. e., comfortable practise, without 
too great complexity or abstruseness. Rather than 
wander into involved conditions, we may have to make 
empirical and arbitrary agreements which will meet the 
further needs of practise. Rate-research committees, 
public service commissions, manufacturers, operators, 
consumers, laboratory investigators, research men,—all 
of these must be satisfied that our proposals are not 
inimical to their interests, but are usable with a fair 
degree of justice, comfort, and simplicity and that the 
range of usefulness is recognized. 

To whatever extent it is possible, new terms and 
multiplicity of methods must be avoided. 

In presenting the above outline, no statement is made 
as to the province of this committee or that of any other 
Institute committee. We realize that the study is so 
far reaching that elenients of it will be found to be the 
peculiar property of certain regular committees. We 
hope to cooperate with these committees in advancing 
the solution, without arrogating to ourselves duties 
which properly are being taken care of elsewhere. 

Some Active Topics in Physics 

One of the purposes of the committee being to act 
as a connecting link between the Institute and the field 
of pure physics, the following list of topics will be of 
interest. It represents some of the subjects on which 
physicists are working and on which papers are being 
regularly presented and articles written by the leading 
investigators. It will be noticed in particular that the 
old division into mechanics, heat, light, electricity, and 
sound, has been more or less obliterated, the electron 
theory and the quantum mechanics being the dominant 
foundation of most of the researches, except in acoustics. 

Scattering of electrons by gases, liquids, and solids. 

Diffraction of electrons by thin films and by crystals. 

Absorption of electrons by vapors. 

Effect of electrostatic and magnetic fields upon 
electrons, ions, and neutral molecules. 

Spectra of various substances under different con¬ 
ditions, as beai’ing upon the nature of their atomic 
and molecular structure. 

Energy distribution, attenuation, and absorption of 
radiation at different wavelengths. 

Photoelectricity and photoelectric cells. 

Effect of electric and magnetic fields upon spectra, 
and correlation of these effects with the atomic and 
molecular structure. 

X-rays; their wavelength, electron levels, diffraction, 
fine structure, polarization, ejection of photoelectrons. 

• Characteristics of sparks and other discharges, in¬ 
cluding their spectra. 

Thermionic emission and properties of triode valves. 

Compton effect, Raman effect. 

Behavior of electrons like waves and behavior of 
light quanta like particles; bridging the gap between 
matter, electricity, and energy. 

Nature of light waves and of electrons. 


Conduction in metals from the point of view of the 
new quantum mechanics. 

Nature of magnetism. 

Magnetic properties of crystals. 

Experimental and theoretical study of atmospheric 
electricity and terrestrial magnetism, in terms of moving 
ions and of radiations. 

Structure of the universe in terms of astronomical 
and spectroscopic evidence, assisted by Einstein^s 
generalized theory of relativity. 

New statistical mechanics, wave mechanics, quantum 
relations, indetermination principle, etc. 

Quantum mechanics of chemical reactions. 

Atomic structure and chemical valency.- 

Note. Attention is also called to Dr. M. I. Pupin’s 
Editorial on 1928 Progress in Physics, in the A. I. E. E. 
Journal for Febru^ 1929, Vol. 48, p. 92. 

Differentiation of Activities Among Physicists 

Within the last twenty years, the Institute has seen 
several groups of specialists among electrical engineers 
form societies of their own, apparently feeling that the 
parent body was not able to devote to their particular 
activities as much time and space as was needed. As 
such special societies may be named those devoted to 
welding, electrochemistry, iron and steel industry, 
illumination, and radio. 

It seems as if a similar differentiation is taking place 
in physics. The Optical Society of America was formed 
some years ago as an offshoot of the American Physical 
Society, and now the Acoustical Society of America is 
in the process of formation. In Germany they already 
have a separate prosperous Society for Applied Physics,, 
with its own periodical. Considering the large number 
of physicists employed in the American industries, a 
formation of some such society is quite possible in this 
country unless the parent body anticipates such a 
move by a proper subdivision of its body into several 
“subject sections’’ and committees. 

A General Trend in Physical Concepts 

The present day period in physics may be said to have 
begun with the discovery of the electron in the closing 
years of the nineteenth century. This meant a new 
atomic concept of electricity. The introduction of the 
idea of quantum of energy, as the smallest amount of 
energy in a “chunk” of radiation of a given frequency, 
meant another new concept, namely, the atomicity 
of energy, at least in one of its forms. Einstein’s 
relativity followed in 1905, and has brought in another 
new idea, namely that a physical “law” may be'different 
depending upon the size of the continuum to which it 
is applied and the magnitude of the velocities which 
come into play. In the Bbhr-Sommerfeld theory of 
the atom (1913-1915), the three new concepts, namely 
those of electron, quantum, and relativity, were 
brought together in a masterly waiy, to explain the 
observed complex structure of varius spectra. Later, 
amilar ideas were extended to molecular spectra and 
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to the theory of specific heats, as being due to different 
forms of motion of the parts of a molecule relatively to 
one another. 

Thus, an era of ^‘picture theories’^ of the atomic 
stmcture was ushered in. Electrons were endowed 
with various forms of motion about a central nucleus, 
to explain this or that phenomenon; atoms were en¬ 
dowed with suitable forms of motion within a molecule, 
to explain some other phenomena, and when a particular 
feature of a spectrum could not be accounted for, new 
motions were invented to explain it (for example, the 
spinning electron). In other cases, the observed 
spectra did not show all the lines predicted by the 
theory, and certain "‘principles” or “postulates” were 
introduced to exclude such lines d prioH as not being in 
accord with one of these principles. 

However, the picture-theory period was only short¬ 
lived, partly because the pictures themselves became 
unduly complex, especially for heavier atoms, partly 
because the theory proved to be inadequate on some 
essential points, and partly because in the very nature 
of the phenomena statistical results were desired, rath«' 
than an actual orbit of this or that electron in a partic¬ 
ular atom. But a statistical problem, where billions of 
atoms are to be considered simultaneously, and wherq 
only the probability of a certain event is sought, rather 
than its certainty for a given atom, hardly, lends itself 
to a picture. Just as an extreme advocacy of graphical 
methods in a branch of engineering usually leads to a 
reaction in favor of an analytical method, so the picture- 
theory period yielded its place almost overnight to a 
“mathematical-function” period in the midst of which 
we are now laboring. 

Several brilliant European mathematical physicists, 
such as Heisenberg, Bom, Jordan, Pauli, de Broglie, 
Dirac, Fermi, and Schrcdinger, have developed various 
aspects of this new point of view, and while it would be 
entirely out of place to go into the details here, the 
following few remarks may indicate the general trend.^ 
Ideas are more general than objects or phenomena, 
and we are apt to come nearer the true interpretation 
of the universe by adhering as closely as possible to 
general ideas rather than by evolving specific pictures, 
especially if the latter have been borrowed from the big 
world of every day experience and transferred without 
change into the unlmo’^ intra-atomic world. But 
quantitative ideas are best expressed by mathematical 
formulas and operations, and so the problem is reduced 
to devising such formulas and operations and using them 
to describe and to predict phenomena, even though we 
miay not be able to construct corresponding pictures 
within the atom. There is no contradiction in this 

1. A symposium on Quantum Mechanics was held under the 
joint auspices of the American Physical Society and American 
Mathematical Society in New York City on December 31, 1928. 
Most of the papers and discussions may be found in the April 1929 
issue of the Franklin Institute Journal. 


because an individual atom is not yet susceptible to 
direct observation. The principal point to achieve is to 
make the mathematical theory agree with the observed 
phenomena in the minutest amounts of matter and 
energy with which an experimentalist deals. 

To put this in a different form: Suppose we write two 
equations, such asaa:-|-& 2 / = c and mx ny = 
One could write a story about a merchant who bought 
X yards of cloth, etc., and make this story fit the equa¬ 
tions. One could also write an entirely different story, 
say about two trains which start from two stations 
distant x miles from each other, etc., and again fit the 
equations. The number of such stories is infinite, 
whereas the two equations are the same, and pre¬ 
sumably they stand for a much more general truth and 
relationship in the human mind than any of the stories. 

It is not for the present writer to criticize either the 
picture or the formula tendency. Both are tem¬ 
porary, and a new genius may in a few years give us a 
new idea which will combine a keen mathematical 
analysis with a definite physical picture. We need a 
picture not only because our human nature demands it, 
but also because with the improvement in experimental 
methods smaller and smaller amounts of space, matter, 
and energy will be susceptible to direct observation, 
and will cease to be mere statistical elements. In the 
meanwhile, the statistical method of quantum me¬ 
chanics reigns supreme, new achievements for it are 
recorded at every meeting of physicists and in every 
issue of physical periodicals. One who fails to learn the' 
new mathematical methods will soon be unable to 
follow the progress even of experimental physics, because 
a large portion of experiments are nowadays performed 
either to test the new theories, or to furnish the needed 
numerical data for them. 

As Haas correctly points out,® should the new point 
of view persist for any length of time, it cannot fail to 
affect our whole attitude towards physical laws and 
interpretation of nature. According to it, matter and 
radiant energy are both atomic, and do not differ radi¬ 
cally from each other. Under certain circumstances, 
electrons behave like waves and waves behave like 
chunks of matter. Energy is converted into matter, 
and vice versa, and this process is going on in the uni¬ 
verse continually, creating new worlds and destroying 
the old. A physical law does not dominate an event 
but merely establishes probabilities for this or that 
percentage, just as a statistical law does not affect births 
or deaths in a species of living beings. In the big visual 
world we may speak of an instantaneous position of a 
material point and at the same time of its instantaneous 
velocity. In the sub-atomic world, according to 
Heisenberg’s principle of indeterminateness, such a 

2. Arthur Haas, “Materiewellen und Quantenmechauik,” 
Akademische Yerlags-jgeseUschaJt, 1929, Chapter 19. See also 
V. KarapetofE, “Picture Theories Inadequate,” an article to be 
published in the Electrical World during 1929. 
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statement would be absurd. If the coordinates of an 
electron are given we can only ask about the probability 
of a certain velocity, and vice versa. In the big world of 
interstellar spaces other laws reign supreme, Eucledian 
geometry and ordinary mechanics hold no more,- and 
what we observe in our every day life (or even in our 
best equipped laboratories) is but a very narrow aspect 
of the real laws of nature. We do not see the bigger 
relativity aspects of the fundamental laws of nature. 


because our distances are too small and our velocities 
too low. We do not see the j&ne-structure aspects of the 
same laws because of the crudity of our apparatus which 
permits our observing the microcosm only statistically. 

The new attitude is one of humility, and if it is an 
attempt to free the laws of nature from an anthro¬ 
pocentric point of view, future generations will welcome 
it as a step in the right direction. 

Vladimir Karapetoff, Chairman. 



General Power Applications 

ANNUAL REPORT OF COMMITTEE ON GENERAL POWER APPLICATIONS* 


To the Board of Directors: 

Your Committee on General Power Applications has 
attempted to keep in close touch with the development 
of power applications during the year through the 
selection by the various members of the committee of 
specific industries in which they were deeply interested 
and on which they agreed to furnish a condensed report 
early in 1929. 

It was hoped by this method that suggestions for 
papers and needs for new applications would be brought 
out and that interesting material would be obtained 
covering the development of power applications in 
outstanding industries. 

Your committee believes that constructive results 
can be obtained by the continued application of this 
idea so that the annual report of the committee will not 
only represent a first hand account of the year’s develop¬ 
ments in numerous fields but will also develop the 
desirability for written discussion of outstanding fea¬ 
tures and bring to light the need for specific applica¬ 
tions of power to processes which have not been 
modernized. 

No attempt has been made to cover the entire 
industrial field so that there are undoubtedly many 
new applications which have not been brought to the 
attention of your committee. An effort was made, 
however, to cover the outstanding developments in 
basic industries which should be a true measure of the 
advance during the past year. 

Marine Equipment 

^During the year 1928 there were placed in com¬ 
mission, or under construction, a total of 38 electrically 
propelled vessels of various sizes and types ranging from 
the small river towboat to the most modem of passenger ' 
liners. The aggregate shaft horsepower of the electrical 
equipment in these vessels was over 132,400, of which 
88 per cent was supplied by turbines and 12 per cent 
by Diesel engines. However, of the 38 vessels electri¬ 
fied, 24 were of the Diesel electric drive. 

Outetoding developments in the application of 
electricity to marine work during 1928 were the launch¬ 
ing of the largest electrically propelled passenger liner, 
the breaking of all existing speed records for capital 
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naval ships by the airplane carriers, Saratoga and 
Lexington, and the installation on three freighters of 
the biggest d-c. motors ever put on a ship. 

Turbine Electric. The passenger liner Virginia is the 
second of the three electrically propelled passenger liners 
being built for the Panama-Pacific Line of the Inter¬ 
national Mercantile Manne Company. This vessel, 
somewhat larger than the California launched in 1927, 
has a displacement exceeding 30,000 tons at load draft 
and develops 163^ to 18 knots with a maximum power 
development of 17,000 shaft hp. The propeller shafts 
are each driven by a 8500-hp. reversible t 3 q)e motor. 

The U. S. Navy airplane carriers Saratoga and 
Lexington underwent their speed trials and were put 
into active service during the past year. The U. S. S. 
Saratoga, with electric propelling equipment of 180,000 
shaft-hp., maintained a speed of 33.42 knots over a 
measured mile. The Lexington on its acceptance trial 
last November developed 210,000 shaft-hp. and a speed 
of 34.62 knots. These tests broke all speed records for 
capital naval ships. 

Five new Coast Guard cutters have tinbine electric 
drive of unusual type. Each boat has a single turbo¬ 
generator set which supplies power to a single sjmchro- 
nous motor on the main drive. In addition, each boat 
has two dual drive sets, (steam turbine, alternator, and 
d-c. generator all coupled) which produce direct 
current for excitation and some auxiliaries. At normal 
ship speeds (40 to 60 cycles), the alternator, operating 
as a synchronous motor, drives the d-c. generator by 
power from the main generating set. When maneuver¬ 
ing, the frequency drops below 40 cycles, the turbine 
of the dual drive set then drives both electrical machines 
producing both direct and alternating current. The 
result is that as much auxiliary power as possible is 
supplied from the main generating set giving a high 
over-all efficiency in operation. 

Diesel Electric. Outstanding in this field was the 
replacement in three 10,000-ton freighters, owned by 
the U. S. Shipping Board, of geared turbine drive by 
Diesel electric equipment. The- motors, shown in. 
Fig. 1, are rated at 4500 hp. and developed on trial 
momentarily 8000 hp. without distes. The slow 
speed propeller adopted for this drive increased the 
speed of these vessels from to more than 13 knots. 
This drive required less space and was lighter than the 
original equipment, besides increasing the efficiency , of 
operation. 

Four Diesel engine-driven d-c. generators, each rated 
800 kw., 250 rev. per min., 385 volts, supply the single 
propelling motor which is direct connected to the shaft. 
Control is of variable voltage type, maxiTm i m power 
being obtained by connecting the armature of the four 
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TYiftin generators and the main motor in series. For 
reduced speed, one or more of the generators may be 
cut out of line. 

The highest powered Diesel electric drive tugs in the 
world, the Trinidad and the Chafes, were placed in 
service by the Panama Canal Commission. These tugs 
have a cruising range of 7000 mi. and are equipped 
with complete fire fighting units. Due to the diversified 
demand on the services of these vessels, they are com¬ 
pletely equipped with auxiliaries, all of which are 
electrically <Mven. 

Three lightships, operated by the Bureau of Light¬ 
house Service, were provided with Diesel electric 
drive during the year. Economy of fuel and avail¬ 
ability of power were the deciding features in these 
installations. 

There was also evidenced during the year an increased 
tendency to equip various river crafts with Diesel 
electric drive. This tendency is especially marked 



Pig. 1—4500-Hp., D-c. Motor for Propelling a 10,000-Ton 

Freighter 

where the river to be navigated is swift, shallow, and 
tortuous, requiring perfect control while maneuvering. 

Two new fleet submarines, the V5 and V6, the largest 
in the Navy, were commissioned during the year. 
These vessels are designed for extensive cruising and, 
therefore, involve many improvements over the old 
type of submersible craft. Particularly noteworthy are 
tbe controls, all manually operated, which permit 15 
different combinations of dving and charging. Another 
point is the perfection of motor bearings, which permit 
diving at an angle of 30 deg. 

It IS of interest to note that foreign countries are 
awakening to the possibility of electric drive on ships. 
The Viceroy of India, a 19,000-ton turbine electric 
passenger liner, is the first large ship of its kind built in 
England. Two Diesel electric tugs are under con¬ 
struction in Italy, the first of this type to be built in 
that country. Germany has several cargo vessels 


under construction that will employ Diesel electric 
drive, full details of which have not been published. 

Electric Railways 

Although electric railways come under the juris¬ 
diction of the Transportation Committee, there are 
several unusual applications of power in this field which 
it will be well to mention briefly. 

To speed up the classification of freight and to elimi¬ 
nate as far as possible the hazardous occupation of car 
riding, several railroads have adopted electric retarders 



Fig. 2—Electric Car Retarders in the Selkirk Yard of 
THE New York Central 



Pig. 3—Car Retarder Equipment in Waterproof 
Enclosing Case 


in tiieir hump yards. The apparatus required, shown 
in Figs. 2 and 3, consists of a motor and brake coupled 
to a gear mechanism adjacent to the retarder with 
remote control to enable operation from conveniently 
located towers in the freight yard. 

The year also was marked by the number of oil 
electric locomotives and gas electric motor cars put in 
service by the railroads. Ranging in size from 60 to 
150 tons and in power from 100 to 900 hp., oil electric 
locomotives were successfully used by both railroads 
and industrial plants. 
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The popularity of the gasrelectric motor car is in¬ 
dicated by the total of 117 cars placed in service during 
the past year. These cars are rapidly replacing steam 
trains on the short branch line roads. Industry has 
also adopted gas-electric units for yard and factory 
work where overhead trolley wires are undesirable and 
the old steam driven shift engine is uneconomical. 

Distillate fuel has been successfully used in place of 
gasoline by several companies operating gas-electric 
trains. This fuel has also been adopted by a large 
city transit company for use in its gas-electric busses. 

The electrification of steam roads has presented the 
design engineers and manufacturers witii many new 
problems- of control. To protect the ll,0b0-volt 
single-phase trolleys used by the Pennsylvania Railroad 
in their new electrification program, from occasional 



Fig. 4 —High-Speed Circvit Beeakbrs for P. R. R. 

EIiECTRIPICATION 

short circuits and grounds, new high-powered circuit 
breakers and relays of extraordinary speed were 
developed. Up to 50,000 amperes at 12,000 volts may 
be interrupted in a half cycle, 1 /50 of a second. Another 
unusual feature in an oil breaker is the use of magnetic 
blowout coils to aid in extinguishing the arc. Fig. 4 
shows one of these breakers. 

In the sireet railway industry there has been a 
decided tendency toward lighter and fasta* motors, 
lighter car bodies, and improved methods of drive. 
D3mamic braking, supplemented by air, has come back 
after many years of discard. Control has been simpli¬ 
fied and many new safety features perfected. 

Steel Mill Industry 

The total horsepower of main- drive motors installed 
by steel companies during 1928 reached 212,300, with 


an average motor size of 1250 hp. Of this total ap¬ 
proximately 80 per cent are d-c. machines. This pro¬ 
portion is largely due to the installation of several new 
continuous mills having individual drive for each stand 
of rolls. 

An unusual installation of interest is the mill drive 
for the 36-in. reversing universal slabbing mill of the 
Wheeling Steel Corporation at Steubenville, Ohio. 
This is the first slabbing mill installed in this country 
with horizontal and vertical rolls driven by reversible 
motors. The horizontal rolls are driven by a single 
annature d-c. machine rated at 7000 hp. continuous, 
50/100 rev. per min., 750 volts, and capable of develop¬ 
ing a maximum torque of 2,000,000 Ib-ft. The vertical 
rolls will be driven by a reversing motor rated at 1650 
hp. continuous, 112.5/270 rev. per min., 750 volts and 
maximum torque of 212,000 Ib-ft. 

The control for this equipment is such that only two 
men are required in the pulpit. The speed and direc¬ 
tion of the motors are controlled by means of a foot 
operated master switch. This switch so controls the 
two motors that the speed ratio between the two roUs 
will always be maintained without any necessity for 
mechanical gearing. 

At this same plant there is a wide strip mill instal¬ 
lation consisting of a-c. and d-c. motors aggregating 
more than 20,000 hp. 

During the year there were several outstanding instal¬ 
lations where steam engine drives were replaced by 
d-c. reversing motors. The largest d-c. motors in the 
world are now found driving the big reversing mills of 
the steel industry. 

, The Illinois Steel Company in its South Chicago 
Plant has installed a 7000-hp., 50/120-rev. per min., 
750-volt, double unit reversing motor to drive a 40-in. 
blooming mill. Power for this motor is supplied by a 
fly-wheel motor generator set consisting of a 5000-hp. 
induction motor, a 50-ton fly-wheel, and two 3000-kw. 
generators. A 35-in. blooming mill will be driven by a 
single unit 6500-hp., 60/140-rev. per min. motor having 
a simil^ source of power supply. This plant is also 
installing a 3500-hp., 50/120-rev. per min., 750-volt 
d-c. reversing motor on a 32-in. structural roughilng 
mill, and a 6000-hp., 75/140-rev. per min., 750-voit 
d-c. motor to drive a 28-in. structural finii^ing mill. 
A fly-wheel motor generator with a 7500-hp. induction 
motor, 50-ton fly-wheel, and three 3000-kw. generators 
will furnish power to these structural mill motors. 

The Yoimgstown Sheet and Tube Company at 
Youngstown, Ohio, lias made several replacements of 
engine drive by electric motors. A 5000-hp. induction 
motor will be utilized to drive an 18-in. continuous 
billet mill. A 2000-hp., 275/550-rev. per min., 600-volt 
d-c. machine replaced an engine on the finishing stand 
of a 10-in. skelp mill. 

Strip mills are a distinct new development and are 
gradually replacing the old sheet mills for doing the 
same work. The new continuous hot strip mill of the 
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American Rolling Mill Company at Middletown, Ohio, 
is the highest powered of any strip mill yet built. The 
main rolls are driven by 21,800 hp. in motors; four 3000- 
hp., and three 2000-hp. d-c. motors on the finiahing end, 
and 3800 hp. in induction motors on the roughing end. 
This mill purchases 66^000-volt power and has three 
4000-kw. motor generator sets to supply direct current 
for the main roll motors. 

The Sparrows Point, Maryland, plant of the Bethle¬ 
hem Steel Company has made several additions and 
changes during the year. These changes are in keeping 
with the intention of the Bethlehem Steel Company to 
make this plant the greatest steel mill in the world. 
Pig. 5 gives a general view of the motor room at this 
plant. 

Notable among the additions is the use of 8 synchro¬ 
nous motors totaling 11,750 hp. for main roll drives. 
This makes a total installation on main rolls of 45 
synchronous motors, with an aggregate of 140,750 hp. 



Fig. 6—^Motoe Room op a Continuous Skelp and Sheet- 
Bar Mill inIwhich are Installed Drives op Three Distinct 
Types: D-c., Induction, and Synchronous Motors 


A control has also been perfected for tying together 
the 6700-hp. induction motor and the d-c. generator 
supplying power to the 2600-hp. finishing stand motor. 
Another new application is applied to the Mesta rotary 
shears. Each shear is driven by two d-c. motors in 
series enabling the shears to be run at full speed when 
the steel traveling at 600 ft. a minute passes through 
the machine. The speed of the motors synchronized 
with the speed of the steel enables these shears to cut 
the steel without an inch variation in the lengths of the 
sheets. 

Material Handling 

During the past year industry as a whole was much 
benefited by the improvement and increase in the 
number of applications for handling materials electri¬ 
cally. The removal of the human element has in 
many cases resulted in astounding increases in plant 
efficiency, while in certain industries the development 


of proper equipment for handling odd shapes and sizes, 
generally conceded forever assigned to unskilled labor, 
has effected considerable saving. 

The year was in general characterized by the applica¬ 
tion of mechanical handling to a wider variety of uses. 

Equipment for handling freight cars was further 
developed during the year. Fig. 6 illustrates one of the 
newest type car dumpers, capable of dumping a car a 
minute. This is being constructed for the New York 
Central Railroad at Toledo, Ohio. The total electrical 
equipment aggregates 3000 hp. and consists of both 
a-c. and d-c. motors with special control by means of 
variable voltage. 

Two other installations now under construction for 
loading ships, one at New Orleans and the other at 
Havana, Cuba, are of an unusual type. This equip¬ 
ment will load refrigerating cars on a ship especially 



Pig. 6—High-Speed Electric Car Dumper in Operation. A 
New Dumper op this Type will Handle 60 Cars per Hr. 

designed with tracks to handle about 95 cars. These 
cranes will lift 165 tons at the rate of 50 ft. per minute 
and use two 250-hp. totally enclosed mill type d-c. 
motors for drive. These cranes are the first ever 
designed for loading and unloading ships with standard 
freight cars. 

Another example of speeding up production electri¬ 
cally is shown in Fig. 7. This 300-hp., 20-ton locomo¬ 
tive with its 14-ton ingot car conveys 300 tons hourly 
from the soaking pit to the mills. This distance 
averages 325 ft. and is covered in 20 sec. running time. 
Needless to say the braking equipment and “dead man 
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control’^ must be highly efficient to control safely the 
four-ton mass of red hot metal. 

Prior to 1928 the largest electrical shovel was the 
8-cu. yd. or 300-ton shovel. A number of 12-cu. yd, 
capacity shovels was placed in service during the past 
year. Due to the extreme fluctuation of current 
demand, it was necessary to design special equipment 



Pig. 7—This High Powered Ingot “Buggy” op the Jones & 
Laughlin Steel Corp. Makes a Round Trip Every 48 Sec. 


for the drive and control of these shovels. Three 
motor generator sets, with the generators all differen¬ 
tially wound, are capable of generating 750 kw. The 
four motors for the various drives aggregate 650 hp. 
One of these shovels (Fig. 8) recently established a 
new world’s record for material handled when it moved 
15,497 cu. yd. of overburden in 24 hr. 



Fig. 8—12-Cu. Yd. Electric Shovel in Strip Mine op the 
Enos Cook Company, Oakland, Ind. 

Mechanical handling of materials has received con¬ 
siderable increased attention during the past few years 
in the pulp mills. Whereas the old method of floating 
pulp sticks to the mill is still in use on account of the 
obvious advantage of this form of conveying, the mills 
themselves have adopted modem methods of wood 
handling. Electrically operated conveyors are operat¬ 


ing successfully in several large pulp mills for handling 
the sticks from the river to the storage yard, and from 
the yard to the mill. One installation consists of a log 
stacker, capable of building stacks 60 ft. high, running 
parallel to a chain conveyor. Another type of installa¬ 
tion uses overhead construction and is able to build 
stacks 100 ft. high with a capacity of 15 to 20 cords an 
hour. The equipment used must be of the sturdiest 
construction to withstand the heavy duty imposed by 
jammed sticks and blows from falling pieces. Storage 
of a large quantity of pulp wood is now possible, greatly 
eliminating seasonal operation in this industry. 

A quite extensive application worthy of note is in the 
automobile industry. General Motors at three of their 
plants have made large additions and considerable 
advance in the preparation and handling of foundry 
sand. Another dirt conveyor, of interest because of its 
length, was constmcted to carry the dirt produced by 
the lowadng of Denny Hill, Seattle, Wash., -to Puget 
Sound. 



PjG. 9—Individual Motor Drives at the National Paper 
Products Mill, Port Townsend, Washington 


The largest belt tripper ever built was constructed 
during the past year. It is designed for a 64-in. belt 
and weighs approximately 30,000 lb. 

A coal conveyor 2J^ mi. long was put into service by 
the H. C. Prick Co. for transporting coal from the mine 
to a dock. It is designed to deliver 1800 tons of coal 
an hour and is driven by 12 wound-rotor induction 
motors aggregating 2400 hp. 

Numerous other improvements in material handling 
have been made during the year, especially in regard 
to the method of connecting the drive to the conveyor, 
as well as the use of anti-friction bearings, gear replace¬ 
ment of pulleys, and other similar refinements. 

Paper Industry 

The paper industry was long since converted to motor 
drive of the main rolls, but this year has seen the 
principle pushed still further. Cylinder machines have 
a larger number of small rolls, baby presses, and 
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cylinder molds, which heretofore have been driven by 
the felt carrying the paper pulp. The long, broad belt 
of high grade felt is decidedly expensive and the practise 
of using it as a drive necessitated frequent replacements. 
A new mill at Port Townsend, Washington, eliminated 
this illogical expense; small motors. Fig. 9, hel4 in extra¬ 
ordinarily exact speed agreement, drive each element. 

Carbon pile regulators, which have been successful 
in the control of single motor paper mills elsewhere, 
have been further developed to aid in the exact speed 
regulation of the Port Townsend machines. 


sure with back pressures vaiying from 20- to* 40-lb. 
gage. 

Cement Industry 

Productive capacity far in excess of normal consump¬ 
tion has caused the cement industry to turn to elec¬ 
tricity for economical operation. New plants are 
universally electrically driven while mechanical drives 
are rapidly being replaced in the older mills. 

Isolated generating plants, utilizing the heat from 
cement kiln gases, are still popular, although during the 



Fig. 10—Six-Unit Eight Bearing Synchronous Motor-Generator Set Designed for Sectional Paper Machine Drive 


The Brown Paper Mills Company of Monroe, La., 
has installed a unique sectional paper machine drive 
for the manufacture of kraft paper. This paper ma¬ 
chine is to make the heaviest papw ever produced on a 
Pourdrinier machine. The widest range of speed ever 
attempted on a sectional electric drive, 100 to 1000 ft. 
per minute, necessitated radical departures from pre¬ 
vious methods of operation. Each of the nine motors 
driving the individual sections of the machine receives 
its power from a separate generator which forms a 
part of two six-unit motor-generator sets (Fig. 10). 
Speed regulation is obtained by automatic control of 
the generator fields. This feature renders greater 
torque available in the motors and produces greater 
stability than would otherwise be possible. This 
equipment is the only multiple generator control system 
so far installed on a paper machine. 

The manufacture of flat tissue on two small paper 
machines introduced difl&culties in synchronizing the 
semi-sectional drives on the wet and dry ends. Speed 
adjustment was accomplished by modifying the syn¬ 
chronous dynamometer speed regulator so that the 
stator frame of the regulator motor was chain, connected 
to the brush lifting device of one brush .cthifting motor 
and its rotor was driven from the same motor through a 
chain reduction. The stator of the regulator receives 
its power from a small alternator driven by the motor 
on the other end of the machine. This equipment, is 
the first of its kind in the country. 

A variable speed turbine with reduction gear was an 
important development in isolated power plant equip¬ 
ment for paper mills. The low speed end of the gear 
is connected through sheave pulleys to the paper mill 
and exhaust steam from the turbine is used in the can 
dryers. Speed can be held within very narrow limits 
between 66 rev. per min. and 390 rev. per min. on the 
driven shaft. This unit is rated at 475 hp. at 4200 
rev. per min, and operates at 110 lb. gage steam pres- 


year several contracts were signed with public utilities 
calling for an interchange of power. While this ex¬ 
change provides an outlet for the excess power of these 
plants, it also places a premium on economics in power 
generation and mill operation that formerly did not 
exist. 

During the year there were several novel and valuable 
applications of electricity to the problems confronting 
this industry. 



Fig. 11—600 Hp. Simplex Synchronous Motors Installed 
at the Missouri Portland Cement Co. 


Notable among such developments have been several 
specialized types of synchronous motors designed to 
provide the high torques necessary for heavy crushing 
and grinding machinery. New improvements in the 
clutch and brake of these motors and the application of 
complete automatic starting control have still further 
extended the use of the S3mchronous motor. 

Six of these motors, ranging in size from 260 to 600 
hp., were installed for tube mill and compartment mill 
drive in a midwestem plant. See Fig. 11. This is the 
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first application of the new salient pole synchronous 
motors with their low starting kv-a. and high torque 
characteristics. These motors are coupled directly to 
the mill pinion shaft without the use of a magnetic or 
mechanical clutch. 

Another application of the synchronous motor is on 
hammer mills. A novel feature of this installation is the 
overload relay. When the overload is great enough to 
pull the motor out of step, the relay operates, cutting off 
the material being fed to the hammer while permitting 
the motor to regain speed running as a straight in¬ 
duction motor. 



Fig. 12—Tnm Largest Locomotive XJNDBRGROtrND 30 Ton, 

532 Hp. 


Push button control has become almost universal, 
even for motors of the smaller sizes. One large mill, 
completed this year, points with pride to the elimination 
of starting equipment other than push-button con¬ 
trolled, full automatic, circuit breakers of high inter¬ 
rupting capacity. Low starting kv-a. of the motors 
has made such installations possible; in some cases the 
motor starts directly across the line. 

An important application of specialized control is the 
automatic blending of dry cement materials as de¬ 
veloped in connection with the Puller-Kinyon System. 
The Fuller-Kinyon pumps handle the pulverized rock 
mixture like water and a very ingenious control system 
for the pumps and valves has been designed. Electrical 
interlocks and time clock regulation permit almost un¬ 
limited combinations for blending the contents of bins 
or silos to produce a constant quality feed for the kilns. 

To keep a uniform flow of material to their kilns, an 
eastern mill installed S3nichronous control similar to 
that used on paper machines. A d-c. generator con¬ 
nected directly to the kiln supplies power to the motor 
on the kiln feeder. By separately exciting the fields of 
these machines from a common source, exact speed 
regulation is obtained. 

Mining 

The coal mining industry endeavored during the past 
year to solve many of its troubles by the mder applica¬ 


tion of electricity and the adaptation of more adequate 
and more efficient machinery. 

An outstanding feature of the year was the new mine 
locomotive. Fig. 12, built for the Pemberton Coal and 
Coke Company, Bluefield, W. Va. This locomotive, 
although weighing only 30 tons, develops 532 hp. and 
will haul a full load of 168 tons up a 1.5 per cent grade at 
103^ mi. an hour. This represents more power than 
the average locomotive on interurban lines and more 
work than many a steam switcher. This locomotive is 
constructed of two parts in tandem which, if desired, 
may be run as two separate units. Electro-pneumatic 
control and air-brakes are features which are most 
unusual on this type of locomotive. 

The Peabody Coal Company of Chicago has installed 
in one of its mines a hoist which although not of imusual 
size is still of interest because of the high rope speed and 
the numbCT of trips made per hour. The equipment 
was designed to permit 230 trips an hour from a depth 
of 282 ft. In order to do this a rope speed of 3300 ft. 
per min. is required. The total elapsed time of the 
hoisting cycle is 15.65 sec. 

The largest induction mine hoist motor with mag¬ 
netic control in the country was installed by the 
Tennessee Coal, Iron and Railroad Company in their 
mines. The motor is an 1800-hp., 260-rev. per min., 
induction type hoist motor and a duplicate of two 
motors previously installed which use liquid rheostats. 
The magnetic control permits dynamic braking, thus 
reducing the wear on the mechanical brakes. 



Fig. 13—Pioneer Installation op Fabricated Steel 
Frame Induction Motor for Mine Hoist Service 


Pig. 13 shows the first fabricated steel frame in¬ 
duction motor ever installed for mine hoisting service. 

Ore Reduction. The first commercial size plant in 
this country to utilize the Tainton process, i. strong 
acid and high current density, for the electroljdic 
reduction of zinc, was installed by the Sullivan Mining 
Company at Kellogg, Idaho. Current is supplied by 
two three-unit 4000-kw. motor-generator sets. 
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The Anaconda Copper Mining Company during 1928 
put in operation the largest motor-generator sets ever 
used in an electrolytic zinc plant. There are four 
three-unit sets, each rated at 5500 kw. 

Oil Industry 

As the oil industry passes the stage of adventuring 
with its picturesque engine and rig, and becomes more 
and more a leading industry with an economic problem 
of conservation, it is marked by the application of 
electricity to give the most results at the lowest cost. 
Well drilling has become an affair requiring large capital 
as several wells have already cost over a quarter million 
dollars and have reached depths of over 8000 ft. One 
well in West Texas has been drilled 8255 ft. or 1.56 
mi. deep and is the deepest known hole every dug by 
man. Two 25/65-hp. oil well motors driving a cable tool 
rig, supply the power for the drilling which is still 
continuing. 

Until very recently it was thought impossible to 
apply centrifugal pumps to oil pipe lines. A develop¬ 
ment of suitable high-speed centrifugal pumps which 
would not emulsify the oil enabled the economic use 
of electrical drive. A new pipe line 400 mi. long went 
into service during the past year using this equipment. 
Forty-four 400-hp., squirrel-cage, 1800-rev. per min., 
motors drive the pumps in the 13 stations along its 
length. 

Electric Welding 

Considerable progress has been made in electric 
welding during the past year. It has been said that 
electric welding is in a sense a production tool, and for 
this reason it has been receiving more and more at¬ 
tention from the progressive industrial and construction 
engineer in his effort to increase output and lower cost. 

Only a few of the more important developments in 
electric welding can be mentioned in this short r4sum4. 
One of the most important advances has been the 
increased size of the electrode used, which in general 
reduces the time for welding in about the inverse pro- 
porti9n to the size of the electrode. 

Another development of considerable importance is 
the introduction of the new atomic hydrogen method of 
electric welding, which makes possible the welding of 
thin metals and alloys that could not be welded before 
because of the oxidation of the materials by the heat of 
the arc. This new method introduces hydrogen gas 
into the arc flame, which gas is broken down into atomic 
hydrogen by the heat of the arc. This atomic hydrogen 
effectively prevents oxidation of the materials, so that a 
satisfactory joint can be obtained. This .enables 
countless small objects to be welded which otherwise 
would require more expensive methods of union. 

The importance of electric welding in the industrial 
field can be emphasized by the faith of the Ford organi¬ 
zation in this type of welding. It is stated that the 
Ford Company has recently expended over $100,000,000 
for equipment and methods to produce their new model 


“A^* car, which depend primarily on electric welding. 
Here electric welding is reduced to an almost automatic 
process requiring very little personal supervision. 

A new process was developed for producing electri¬ 
cally welded railroad ties from scrap rails, which is done 
entirely automatically and produces a very satisfactory 
tie at a low cost from scrap material. 

One of the largest welding jobs ever undertaken 
was the welding of a 90-mi. pipe line on the Moke- 
lumne River project, this pipe being 66-in. in diameter. 
This pipe was so large that it required two pieces in 
order to get the required diameter, the pieces being 
welded by the automatic carbon arc process. The 
cost of this job was $12,000,000 for electric welding 
against the best offer of $15,000,000 for riveted con¬ 
struction. 

A 135-ft. through truss railroad bridge was completed 
at Chicopee Falls, Mass., with all members electrically 



Pig. 14—Multiple Arc Welding Machine for Axjtomati- 
CALLT Arc Welding Pipe up to 36 Ft. in Length and 7 Ft. in 
Diameter 

welded. Only two-thirds of the material required for a 
riveted job was used, and the completed structure cost 
20 per cent less than the riveted equivalent. The first 
commercial building completely electrically welded 
was finished in Cleveland during the year. This 
structure used approximately 15 per cent less steel 
than would be required for riveted construction at a 
cost considerably less. A factory building. Fig. 15,145 
ft. wide by 550 ft. long, and requiring 1000 tons of 
steel, was constructed by the electric arc welding 
process. 

The increased popularity of electric welding resulted 
in the production of a Fordson-driven 300-ampere arc 
welder for use where there is no other source of electric 
power. The Fordson not only supplies the power for 
the welder, but also carries it to and from the work. 

During the year a competition for papers on arc 
welding resulted in an excellent paper entitled “Arc 
Welding—Its Fundamentals and Economics” written 
by Mr. James W. Owen. This paper ably presented the 
present status and the future of this industry. 
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Industrial Heating 

During 1928 the use of electricity for industrial 
heating has increased rapidly due to the development 
work of the manufacturers and the recognition of the 
central stations to the desirability and importance of 
the load. 

Many central stations have established industrial 
heating departments for the survey and development 
of the electric heating load. 

The manufacturers have developed new equipment 
during 1928 and the following descriptions cover some 
of the most important applications. 

Electric Stereotyping. The first electric stereotype 
pot was built and installed in 1925 but it has been 
during the past year that most of the large installations 
were made. More than 100 are now in operation, 
varying in size from 40 kw. for small pots to 360 kw. 
for large 9-ton pots. The pots make use of an im¬ 
mersion element placed in the lead with automatic 
temperature control. The total load in many metro- 



Fig. 15—^Frambwobk of Factory RxtiiiDing AssrmbiiFd by 

Electric Welding 


politan plants runs from 800 to 1600 kw. connected 
load for this service. Indications point to the complete 
electrification of stereotype pots in the neict few years. 

Silh Moistening. An important application has oc¬ 
curred in the full fashioned hosiery manufacturing field 
for the moistening of silk before passing through the 
needles of the knitting machine. Units consisting of 
an insulated box containing water with felts for the 
silk to pass through and having electric heating units of 
173 watts each are placed so that from 3 to 7 threads 
are moistened on the way to the needles. 

The water is kept at about 160 deg, fahr. and the 
evaporation of water moistens the felt so that the silk 
picks up enough moisture to eliminate back winding. 

Loads of 990 kw. connected in one plant have been 
noted and in the Philadelphia district approximately 
2000 kw. is in use in this class of business. 

Electric Brazing Furnaces, The applicatiop of elec¬ 
tric furnaces to copper-brazing steel parts together 
has made possible ^e assembly in one operation, of 
complicated structures from simple parts by a strong 


alloy weld. This is accomplished by placing copper 
wire or chips next to joints to be brazed and then 
heating the assembly in a furnace containing a hydrogen 
atmosphere to a temperature above the melting point of 
copper. 

The hydrogen performs the function of a flux, as 
well as excluding air from the heating chamber, in the 
process of brazing. 

Both intermittent and continuous type furnaces are 
in use for this work and have extensive application in 
the assembly of refrigerator evaporation shells. 

The use of protective gases in other type electric 
furnaces is recognized as metallurgically beneficial in 
the heat treatment of various steels and in cases where 
bright annealing is essential. 

High-Frequency Furnaces. Recently the application 
of the high-frequency induction type furnace to melting 
and heat treating steel has been given greater considera¬ 
tion. Furnaces are in use for making cast steel in ingot 
form for production work and for heat treating high¬ 
speed steel in liquid baths. 

Gray Iron Melting. The application of the indirect 
arc type electric furnace to the production of synthetic 
cast iron is a comparatively recent development. 
Gray iron borings from the manufacturer's machine 
shop, having a very small market value, are utilized in 
the production of iron of good physical properties, and 
the over-all melting cost per ton is less than that for 
cupola operation. This has opened a new field for 
development in the iron industry. 

Control 

During 1928 improvements in design and applications 
of control have been in keeping with the general trend 
of the past several years. Although a great many 
individual instances could be cited, a few general 
examples will be sufficient to indicate the general trend 
of the various types of control equipment. 

Most of the motor control is now of the definite time 
accelerating type. A time-current control has de¬ 
veloped for d-c. equipment which provides maximum 
time saving in motor acceleration within predetermined 
current limits under conditions of light or normal loads 
and forced acceleration at a predetermined rate where 
the load is too heavy for the motor to start \wth the 
normal accelerating current setting. This equipment 
is characterized by its simple and rugged construction, 
the accelerating relays have only one moving part which 
carries coin silver control contacts while there is only 
one series coil. This eliminates compUcated control 
circuits and materially reduces maintenance. 

Another mechanism for securing defiboite-time ac¬ 
celeration was developed from the original single 
contact equipment with a timing ratchet, into a multi¬ 
finger form which permits the use of a single relay for 
actuating in succession a number of contactors. 

The conventional form of master switches using 
segments and fingers has been replaced in the last few 
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years by the cam operated switches. The past year 
produced further development of the cam operation, 
special attention being paid to simplicity of design. 
An outstanding example of this is a small compact 
device which was designed to fulfill three purposes, 
controller, disconnect switch, and overload relay. A 
complete line of master switches was also produced 
which required only a few different fundamental cams 
to obtain a great variety of combination of contact 
sequence. Still another indication of the trend towards 
simplified design is in the compact limit switch de¬ 
veloped for use on motor driven valve equipment. 
By means of intermittent gears it is possible to get an 
adjustment of from’ 1 to 1365 turns on the valve stem. 

Circuit breakers have apparently been accepted by 
industry to replace fuses wherever there is need of pro¬ 
tection. Contrasted to the high powered circuit 
breaker capable of interrupting 50,000 amperes at 
12,000 volts, mentioned previously in this report, the 
new 110-volt circuit breaker that can be held in the 
palm of the hand is a mere toy. Yet this breaker has 
in actol test broken 3500 amperes at line voltage 
without injury. The smallest units made are for house¬ 
hold use, 600 watts, and represent a complete coverage 
of the electrical field by this eqidpment. 

The Deion circuit breaker was further developed 
during the year for applications up to 15,000 volts. 

Control of motor speed has also received considerable 
attention during the year. The speed regulator orig¬ 
inally designed for control in paper mills has been 
modified to mee;t the specific speed problems of a wide 
variety of industries. In the preceding sections of 
this report, these applications have been more fully 
discussed. 

Push button control, incorporating simplicity and 
ruggedness of design without sacrificing dependability 
of service, is rapidly replacing the cumbersome and 
complicated control systems of a few years back. 

Miscellaneous Applications 

Rubber Industry. The large expansion of this 
industry in the past few years has caused engineers to 
devote their attention to new plants and extensions 
to present mills rather than the development of new 
applications.. The slow speed synchronous motor 
has been the predominant type in new installations. 
Pull voltage starting, together with dynamic braking, 
has been almost universally adopted. All new in¬ 
stallations have the thermal, and particularly the ther¬ 
mostatic, type of overload protection. With the wider 
application of the individual drives more attention has 
been paid to. the type of bearing. The sleeve bearing, 
with its high starting friction, has been largely replaced 
by the ball and roller hearings. 

Power Applications in Telephone Industry. Power 
applications in the telephone industry are naturally 
limited. The drives that are used generally make only 
small power demands and are commonly rather special 


in their nature. Special motors are required for tele¬ 
vision and sound pictures, with very ingenious speed 
regulation, but are of too narrow scope for discussion 
in this report. The development of large capacity 
filters to eliminate noise producing ripples in the gen¬ 
erating current has. permitted the application of 
standard generators for telephone battery charging. 

SmaU Motors. Improvement in design of small 
motors was apparent during the year. Single-phase 
motors received a great deal of attention, and the im¬ 
provements made will be of considerable advantage to 
various industries. 

Single-phase repulsion-induction motors, ranging in 
size from ^ to 2 hp. at 1800 rev. per min., were pro¬ 
duced with a high starting torque and constant speed. 
Better magnetic utilization of the steel was ac¬ 
complished in these motors by using square stator 
punchings with graded slots. Although practically 
enclosed, improvements in design are such that continu¬ 
ous operation causes only a 40 deg. cent, rise in 
temperature. 



Fig. 16—^Bbush-Shipting Shunt Chakactebistics Poly¬ 
phase Motob Designed for Vabiable Speed Spinning Fbame 
Drive 

Single-phase condenser motors having practically 
the same efficiency as a two-phase motor and operating 
at or near 100 per cent power factor were designed. 
The motor develops even more torque than the two- 
phase motor, whereas the current required is con¬ 
siderably less. 

Recent tests in the textile industry have indicated 
the desirability of applying the alternating current, 
brush shifting, shunt characteristic, polyphase motor 
fpr obtaining variable speed in the spinning of cotton 
as well as worsted yams. The use of this motor. 
Fig. 16, which permits the best speed over a 3 to 1 range, 
has resulted in improvement in the quality of the yam 
and increased production. 

Fractional horsepower motors of new design for use 
on portable electric hammers combine very light 
weight with the ability to withstand severe vibration 
and shock. A full load speed of 10,000 rev. per min. 
gives 2500 blows of the hammer each minute. This 
drill is shown in Fig. 17. 
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Electric Elevators, The development of high-speed, 
full, and semi-automatic elevators was furthered during 
the year. Deficiencies affecting the riding qualities of 
elevators in the automatic control of the rates of ac¬ 
celeration and retardation were removed by the applica¬ 
tion of a small auxiliary d-c. machine to act upon the 



Fig. 17 —^This Electkic Drill Gives 2500 Blows Each 

Minute 



Fig. 18 —^Pliotron Units and Tubbs Mounted on Top op 
Elevator por Use with Pre-registering Elevator Control 

generator field of the motor generator set of the genera¬ 
tor-voltage type of elevator drive. By this means the 
acceleration and retardation ^e caused to begin at 
very moderate rates, increase to higher rates, and again 
diminish as the speed change nears completion. The 
control is shown in Fig. 18. 


An automatic levelling system was developed which 
embodies a radical departure from previous practise. 
This system utilizes radio-frequency devices wherein the 
position of the car with respect to the floor controls the 
levelling speed of the elevator accordingly. The 
particular advantage of this control is the elimination 
of all mechanical engagement with its noise and ulti¬ 
mate deterioration, a minimum clearance of % in. 
existing between the parts on the car and the cor¬ 
responding part in the hatchway. 

The most powerful and speediest direct traction 
motors for elevator service were installed during the 
year. These motors are rated at 110 hp., with an 
elevator speed of 450 ft. per minute. The loading is 
particularly heavy, 10,000 lb., and a precision in floor 
landing is required in the control which permits a 
maximum variation of but a quarter inch from exact 
levelling. This installation is in the new skyscraping 
Kent Garage of New York. Fig. 19 shows one of these 
motors. 



Fig. 19 —The Largest Direct Traction Elevator Motor 

Ever Made— 110 Hp. 

D-C. Generators. Although not of particular interest 
in the power field, the new 10,000-volt, 20-kw., d-c. 
generator developed for the U. S. Navy is noteworthy 
because of its direct contradiction of the accepted idea 
that d-c. generators are not feasible above 2000 volts 
per commutator. Six of these units were built to 
supply plate current for large transmitting tubes at 
Arlington, a duty usually performed by rectifying tubes. 
These generators are bipolar, two commutators in 
series and two commutating poles. No compensating 
winding is used. The field frame is of welded steel 
plate with fabricated feet welded on and has a singularly 
inconspicuous and non-committal appearance. 

Printing. The main advance during the past year 
in the printing industry has been the increase in the 
speed of the presses. Where a few years ago 24,000 to 
25,000 papers an hour was considered good production, 
presses today operate at the rate of 60,000 to 75,000 
papers an hour. This has meant the application of 
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higher speed motors in some cases, while in others it 
was simply a matter of increasing the gear ratio. The 
horsepower of the motors has increased in proportion, 
while new improved and simplified methods of control 
have accompanied the change. 



Pig. 20—1000-Hp. Roller Bearing Reducing Gears for 
Danville Structural Steel Co. 

Bearings. The old sleeve bearing is being replaced 
in many instances by anti-friction bearings of various 
types. Ball, roller, and tapered roller bearings are 
proving very satisfactory on most type drives. 


The largest roller bearing mill type unit was installed 
in 1928, Fig. 20. This unit is for reducing speed on 
heavy industrial machinery, and uses helical gears and 
tapered roller bearings. 

The committee is indebted to the following firms with 
which committeemen are connected or whose coopera¬ 
tion and publications we have made use of in compiling 
this report: 

I. T. E. Circuit Breaker Company 

Philadelphia Rubber Company 

The Commonwealth Edison Company 

Cutler Hammer Manufacturing Company 

The Duquesne Light Company 

Reliance Electric and Manufacturing Company 

D. H. Braymer Equipment Company 

Bell Telephone Laboratories 

Stone and Webster 

Bethlehem Steel Company 

Electric Power Equipment Compa,ny 

Lehigh Portland Cement Company 

University of Toronto 

Robins Conveying Belt Company 

Electric Controller and Manufacturing Company 

Philadelphia Electric Company 

Westinghouse Electric and Manufacturing Company 

General Electric Company 

Canadian General Electric Company 







Instruments and Measurements 


ANNUAL REPORT OF COMMITTEE ON 

To the Board of Directors: 

The Committee on Instruments and Measurements 
reports activities for the past year as follows: 

1. Revision of Electrical Units 

2. Measurement of Core Losses in Terms of Sine- 

Wave Core Losses 

3. Distortion Factor—Definition and Method of 

Measurement 

4. Technique of Temperature Measurement. 

6. Measurement of Variable Power and Large 
Blocks of Energy 

6. Dielectric Power Loss and Power-Factor 

Measurements 

7. Measurement of Non-Electrical Quantities by 

Electrical Means 

8. High-Frequency Measurements 

9. Remote Metering 

10. Shielding in Electrical Measurements 

11. Papers 

12. Conclusion. 


Revision op Electrical Units 

The progress during the past year of the movement in 
favor of absolute electrical units in place of those de¬ 
fined by means of arbitrary standards is considered by 
the Instruments and Measurements Committee to be 
most gratif 3 dng and the actions taken to be epoch 
making. This progress is recorded in the following 
report by Dr. H. B. Brooks, Chairman of the Sub- 
Committee on Revision of Electrical Units. 

The resolutions on Revision of Electrical Units which 
were prepared by the Committee on Instruments and 
Measurements and transmitted to the Board of Direc¬ 
tors, through the Standards Committee, were adopted 
with a slight change at the meeting of the Board in 
Denver in June 1928. The resolutions cited the dis¬ 
crepancies existing between the international electrical 
units and the absolute units they were intended to 
represent, and called on the United States Bureau of 
Standards and foreign national standardizing labora¬ 
tories to undertake the researches necessary to eliminate 
the discrepancies, and to bring about the legalization of 
absolute electrical units in place of those defined by. 
means of arbitrary standards. Copies of the resolu¬ 
tions were sent to the appropriate committees of the 
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INSTRUMENTS AND MEASUREMENTS* 

U. S. Senate and House of Representatives, the Bureau 
of Standards, and to the national standardizing labora¬ 
tories of England, France, Germany, Japan, and Russia. 

To assist in formulating proposals incorporating a 
consensus of the opinions held in the United States, 
Dr. G. K. Burgess, Director of the Bureau of Standards, 
invited a number of organizations to name members of 
an American Advisory Committee representing the 
scientific, industrial, and commercial organizations 
most directly concerned with electrical measurements. 
These organizations were as follows: National Academy 
of Sciences, American Institute of Electrical Engineers, 
American Physical Society, National Electric Light 
Association, Association of Edison Illu mina ting Com¬ 
panies, National Electrical Manufacturers Association, 
and the American Telephone and Telegraph Company. 
This American Committee met at the Bureau of Stand¬ 
ards on June 16,1928. After due consideration of the 
information available regarding the present status of 
electrical measurements, the American Advisory Com¬ 
mittee unanimously adopted the following resolutions: 

“(1) Resolved, that in the opinion of this Com¬ 
mittee, in view of improvements which are being 
made in absolute measurements, electrical standards 
should in future be based upon the absolute system of 
units. 

‘^(2) Resolved, that in the opinion of this Com¬ 
mittee, the functions which it is desirable to have the 
International Bureau of Weights and Measures under¬ 
take in connection with the electrical units, are as 
follows: 

“(1) A central secretariat to arrange for sys¬ 
tematic exchange of standards and compilation of 
results of intercomparisons thus made among .the 
national laboratories. 

*\2) A laboratory to which concrete standards 
representing the results obtained in the different 
countries may be brought for precise comparisons. 

"‘(3) A repositoryforintemationalreferenceand 
working standards with the necessary equipment so 
that other standards may be compared with these 
standards on request. 

With the backing of these resolutions. Dr. Burgess 
attended the first meetings of the (international) 
Advisory Committee on Electricity, which were held 
at Sevres and Paris November 20-22 inclusive, 1928. 
The timeliness and the importance of the question of 
the revision of the electrical units are shown by the 
fact that delegates felt it worth while to come from the 
far countries of the world, so that the Advisory Com¬ 
mittee had a complete attendance of all members. 
Communications from various countries concerning 
the electrical units were considered. The cordial spirit 
and the unselfish aims of the committee are shown 
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by the gratifying fact that all the decisions reported 
were reached unanimously.^ The committee realized 
the great importance of dealing adequately with the 
electrical units, in the light of past experience and 
present knowledge, and ultimately adopted, by unan¬ 
imous vote, the following resolutions: 

“1. The Advisory Committee on Electricity estab¬ 
lished by the International Committee of Weights and 
Measures, considering the great importance of unifying 
the systems of electrical measurements upon a basis 
deprived of all arbitrary character, recognizes from the 
beginning of its first session that the absolute system, 
derived from the c. g. s. system, may be substituted 
with advantage for the international system of units for 
all scientific and industrial determinations and decides 
to propose its adoption to the International Com¬ 
mittee of Weights and Measures. 

"‘2. The Advisory Committeh on Electricity, while 
recognizing fully the great forward steps already taken 
in the domain of electrical measurements of high pre¬ 
cision, does not believe, however, that it is possible 
immediately to fix with all the necessary and possible 
accuracy the ratios which exist between the absolute 
units derived from the c. g. s. system and the inter¬ 
national units of current, electromotive force, and 
resistance, as they were defined by the International 
Congress at Chicago in 1893 and the London Confer¬ 
ence in 1908, and expresses the wish that researches 
may be carried on toward that end in suitably equipped 
laboratories, in accordance with a program previously 
worked out in cooperation with the Advisory Com¬ 
mittee on Electricity.” 

Dr. Burgess was unanimously chosen to report the 
proceedings of the Advisory Committee to the Inter¬ 
national Committee of Weights and Measures. The 
approval of the latter is necessary to put into effect the 
resolutipns of the Advisory Committee. The Com¬ 
mittee on Instruments and Measurements regards the 
action of the Advisory Committee on Electricity as an 
epoch-making event, and looks forward hopefully to 
the time when the units of the electrical engineer and 
those of the mechanical engineer will rest alike upon 
the fundamental bases, the meter, the kilogram, and 
the second of time. 

Measurement op Coke Losses in Terms of Sine- 
Wave Core Losses 

A working committee of the Instruments and Mea¬ 
surements Committee imder the chairmanship of Mr. 
W. M. Bradshaw has been studying for the past year 
the best way to make core loss measurements on trans¬ 
formers so that they will give accurate “sine-wave” 
core losses regardless of the wave form employed for 
excitation. In this connection the working committee 
issued a questionnaire on the practise of measuring 

1. A full account of the proceedings of the Advisory Com¬ 
mittee on Electricity is given in Reme OSnSrale de VElectriciU 
for Dec. 22,1928. 


core losses in transformers. This was sent to fourteen 
known manufacturers of transformers. Replies were 
received from ten of them. Of the ten replies, five were 
from manufacturers of power and distribution trans¬ 
formers, all of whom either recognized the necessity 
for corrections or actually used corrections. The other 
five were from’’inanufacturers of instrument trans¬ 
formers' or special transformers in which core losses 
need not be measured. Those who only recognized the 
general necessity for corrections state that they have 
available a pure sine wave which remains undisturbed. 

As a result of the replies to ’this questionnaire and 
from the results of their study, the Working Committee 
recommended desirable procedure in making core loss 
measurements to the Instruments and'Measurements 
Committee, which recommendations have been regu¬ 
larly transmitted to the Standards Committee. These 
recommendations provided for the measurement of 
core loss of transformers preferably with a sine wave 
of applied voltage; if this is not practicable, the results 
obtained with a distorted wave of applied voltage shall 
be corrected to a sine-wave basis by a suitable method. 

Three suitable methods, as follows, have been studied 
and are outlined in detail in the report: 

No. 1. Standard Core Method 
No. 2. Iron-Loss Voltmeter Method 
No. 3. Flux Voltmeter Method 

Methods No. 1 and No. 2 use miniature representa¬ 
tive sample cores. In Method No. 3 the correct 
average voltage is applied to the transformer under test 
irrespective of the wave form of the applied voltage. 

The committee recommended preference for methods 
utilizing average voltage for correcting core loss results 
to a sine-wave basis to those utilizing sample cores 
since the sample may not represent correctly the actual 
transformer under test. 

Distortion Factor—Definition and Method op 

Measurement 

A working Committee of the Instruments and Mea¬ 
surements Committee, under the chairmanship of 
Mr. W. M. Bradshaw, has studied the definition of 
distortion factor and method of measurement as dis¬ 
closed in a report of the French Electrotechnical 
Commission entitled ^"Methods of Determining i^e 
Distortion of the Voltage Wave of Alternators,” and 
have recommended action concerning these, which 
recommendations the Instruments and Measurements 
Committee have regularly referred to the Standards 
Committee. The definition recoinmended is the same 
in substance as proposed in the French report, but 
differs in form to be in agreement with the form of 
the present A. I. E. E. definition of Deviation Factor, 
and is as follows: 

The distortion factor of a voltage wave is the ratio 
of the effective value of the residue, after the elimina¬ 
tion of the fundamental, to the effective value of the 
ori^nal wave. 
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A general definition to include all periodic waves was 
recommended as follows: 

Distortion factor of a periodic voltage or current 
wave is the ratio of the effective value of the residue, 
after the elimination of the fundamental, to the effec¬ 
tive value of the original wave. 

Details of methods for measuring the distortion factor 
of a voltage wave were submitted for use in obtaining 
data for the establishment of suitable limiting values of 
distortion factor, as follows: 

A. Method of Boucherot using an alternator with a 
sinusoidal wave and a voltmeter. 

B. Method of Belfils using a bridge to suppress the 
fundamental of the wave to be analyzed, and a volt¬ 
meter to read the residue. 

C. By oscillogram. 

D. By harmonic analyzer. 

The method (B) seems at the present time to be the 
most promising, though further study and develop¬ 
ment of the apparatus are necessary. This work is 
proceeding. 

Technique op Temperature Measurement 

The Standards Committee has referred to the Instru¬ 
ments and Measurements Committee the broad ques¬ 
tion of Standards for the Technique of Temperature 
Measurement. A subcommittee has been appointed 
and work is progressing on writing a standard on the 
technique of temperature measurement. The initial 
activity will be confined to those temperature measure¬ 
ments included in the present A. I. E. E. Standards. 

Measurement op Variable Power and Large 

Blocks op Energy 

The subcommittee on this subject, under the chair¬ 
manship of Mr. T. E. Penard, is collecting literature 
from the various manufacturers of meters and metering 
equipment relative to this phase of the art. The 
questions of metering large blocks of d-c. energy requir¬ 
ing the use of large capacity shunts in connection with 
watthour meters and the calibration of such shunts, 
as well as the use of several low current shunts in 
parallel with resistance compensated potential connec¬ 
tions, are being studied. 

A new oscillating meter clamped directly on the bus 
bars and working on the stray field produced by the 
currents in the bus is being studied. 

Dielectric Power Loss and Power-Factor 
Measurements 

The Subcommittee on Dielectric Power Loss and 
Power-Factor Measurements under the chairmanship 
of Mr. H. C. Koenig has rendered the following report: 

In 1928 Messrs. J. A. Scott, H. W. Bousman, and 
R. R. Benedict presented a paper before the Institute 
entitled A Thermal Method of Standardizing Dielectric 
Power Loss Measuring Equipment, (A. I. E. E. 
Quarterly Trans., Vol. 47, July, 1928, p, 819). In 
tUs paper the authors pointed out the effect of humid¬ 


ity on an air capacitor. As a result of this paper, at 
least two new investigations along these lines have been 
made. In one of them, at the Electrical Testing Labora¬ 
tories, it was shown that a properly constructed air 
condenser had a power factor of less than 0.01 per cent 
over a range of voltage up to 20 kv. per inch between 
plates, and over a range of humidity up to, at least, 
85 per cent in clean air. In the other investigation at 
the Johns Hopkins University, two successful runs of 
varying humidity and voltage were made, one at a 
temperature of 77 deg. fahr. and the other at 85 deg. 
fahr. No air conduction could be detected up to about 
90 per cent humidity. At the time of writing further 
experiments are still in progress. 

In the subcommittee report of 1928, attention was 
called to the development of standards loads for use in 
checking dielectric loss equipment. Following the suc¬ 
cessful application of this standard load rated at 20 kv., 
a similar load has now been devdoped for use up to 
75 kv. This latter load was also used very successfully 
in making factory inter-checks of dielectric loss equip¬ 
ment. In general, the results of the inter-comparison 
of dielectric loss equipments were very satisfactory. 

As a result of the inter-check made at various fac¬ 
tories two conditions have been noticed which are of 
interest. (1) It has been noted that while most labora¬ 
tories are in fair agreement as to power factor measure¬ 
ments, there is a decided lack of agreement on current 
(and, therefore, watt) determinations. It appears 
that currents of the order of 1 to 10 milliamperes pre¬ 
sent a somewhat difficult measurement problem. Most 
laboratories use the same instruments for watt and 
current determinations, changing the coil connections 
and using it as, a deflection instrument. The labora¬ 
tories using a bridge method depend on the capacitance 
of their reference condenser. One of the most satis¬ 
factory methods for measuring these cuirents appears 
to be a modification of the transformer bridge. This 
method requires the use pf a potential transformer of 
known ratio and the accuracy of the method depends 
only on the potential transformer and the capacitance 
of a condenser used in making the balance. (2) In a 
number of cases the condition was encountered where the 
test plate of the reference air condenser was mounted on 
insulators in such a way that tiie field from the high- 
voltage plate to these insulators terminated on the test 
plate. This sometimes caused the condensers to have 
powOT factors as great as 0.5 per cent. In each case it 
has been found possible to bring the power factor to 
zero by guarding and shielding these insulators. This 
condition is quite noticeable with the large open pedes¬ 
tal type condensers used in many of the cable test 
laboratories. 

During the past months there has been considerable 
discussion regarding the possible effects of the high- 
frequency discharges occurring in insulations under 
high stress on measurements of dielectric loss and power 
factor. While these high-frequency discharges prob- 
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ably represent energy losses, it is questionable whether 
or not any of the present methods of measurements 
include these losses. 

The question of dielectric loss and power factor 
measurements with particular reference to the shielding 
of both the measuring equipment and the cables under 
test will be covered in a symposium to be held at the 
Summer Convention on Shielding in Electrical Mea¬ 
surements. Two papers covering this work will be 
presented, entitled Shielding Cables in Dielectric Loss 
Measurements, by E. H. Salter and Some Problems in 
Dielectric Loss Measur&nents by Professor C. L. Dawes. 

A new test cell has been developed for determining the 
insulation resistance, power factor, and dielectric con¬ 
stant on liquid insulating materials. This cell makes 
it possible to test more rapidly and under better con¬ 
trolled conditions than was previously possible. 

Some recent modifications of the Schering bridge 
have been made which may be of interest. The 
Schering bridge as ordinarily constructed necessitates 
the computation of capacitance and power factor of the 
test condenser from the values of the condensers and 
resistors in the other arms of the bridge. In order to 
eliminate the need of these computations, a modified 
circuit has been developed and used in the construction 
of several bridges whereby it is possible to adjust the 
bridge for the capacitance of the standard air condenser, 
and to make the bridge direct reading in both power 
factor and capacitance of the unknown condenser. 
These bridges have also been provided with shields on 
the various sections to reduce the effect of stray ca¬ 
pacitances. In order to readily adjust the potentials of 
these shields, one public utility company laboratory 
has had a dummy bridge constructed wherein it is only 
necessary to set the arms of this bridge to correspond to 
those of the main Schering bridge in order to establish 
the proper potentials on the various guard circuits. 

The construction of large power-factor correction 
capacitors has brought about the need for a ready means 
of measuring the capacitance and power factor of 
capacitors on voltages ranging from 200 to 4000 volts 
and with line currents as high as 75 amperes. Several 
stationary test sets have been constructed for this pur¬ 
pose, which enable power factor and capacitance to be 
read directly from the scale of a variable self and mutual 
inductor, utilizing a reflecting dynamometer as a null 
deflection instrument. Such testing sets are readily 
adjustable as to both voltage and current. The im¬ 
pedance of the measuring circuit, which must be in¬ 
serted in series with the condenser, is so low that the 
drop across it does not exceed 300 millivolts. 

Measurement op Non-Electrical Quantities by 
Electrical Means 

A symposium on this subject was held during the 
Winter Convention, sponsored by the subcommittee 
on this subject, under the chairmanship of Mr. Perry A. 
Borden. The following papers were presented: 


Magnetic Analysis of Materials, by R. L. Sanford. 
Measurements of Flow by Use of Electrical Instru¬ 
ments, by W. H. Pratt. 

Use of the Oscillograph for Measuring Non-Electrical 
Quantities, by D. F. Miner and W. B. Batten. 

Study of Noises in Electrical Apparatus, by T. Spooner 
and J. P. Foltz. 

Electrical Aids to NavigaMon,^ by R. H. Marriott. 

The increasing extent of articles in the literature 
describing the use and application of electrical means to 
the measurement of non-electrical quantities has made 
it practically impossible for the subcommittee to com¬ 
pile the many articles on the subject into a bibliography 
as has been done during the past three years. Hence 
this bibliography which has appeared annually will not 
appear this year except as bibliographies are available 
with the above papers. This growth speaks for the 
extension of electrical means into fields of non-electrical 
measurements. 

High-Frequency Measurements 
The subcommittee on this subject, through its chair¬ 
man Professor H. M. Turner, maintains contact with 
the radio and high-frequency field through the Stand- 
ardizaton Committee of the Institute of Radio Engi¬ 
neers. Under the auspices of this committee, there has 
recently been issued a preliminary bibliography on 
high-frequency measimements which is available. 

The subcommittee has prepared a list of papers pub¬ 
lished during the past two years on the subject of high- 
frequency measurements since the ssrmposium held in 
May 1927, on the subject. This list is not complete, 
-but it reflects the progress in the of high-frequency 
measurements. The list is attached to this report as 
Appendix A. 

Remote Metering 

Two papers were presented at the Winter Convention 
under the auspices of this subcommittee, under the chair¬ 
manship of Mr. E. J. Rutan. These were: 

Telemetering, by C. H. Linder, H. B. Rex, C. E. 
Stewart, and A. S. Fitzgerald. 

Totalizing of Electric System Loads,^ by P. M. Lincoln. 
The information presented in these papers supple¬ 
ments that reported by the subcommittee in 1928. 

The subcommittee is now studying the nomenclature 
applicable to remote metering. 

Shielding in Electrical Measurements 

A symposium on Shielding in Electrical Measure¬ 
ments will be held at the Summer Convention 1929, 
under the chairmanship of Mr, H. C. Koenig. The 
following papers will be presented: 

Shielding and Guarding Electrical Apparatus, by H. L. 
Curtis. 

Some Problems in Dielectric Loss Measurements, by 
C. L. Dawes. 

2. These papers will be published iu the A. I. E. B. Quarterly 
Trans., Vol. 48, July 1929. 
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Shielding in Heavy Alternating Circuits, by F. B. 
Silsbee. 

Shielding Short Lengths of Cable in Dielectric Loss 
Measurements, by E. H. Salter. 

Shielding in High-Frequency Measurements, by J. G. 
Ferguson. 

Magnetic Shielding, by S. L. Gokhale. 

Papers 

In addition to those listed above, the following papers 
were presented at the Winter Convention, New York, 
February 1, 1929, on Instruments and Measurements: 

A New High-Accuracy Current Transformer, by M. S. 
Wilson. 

132-Kv. Shielded Potmtiometer for Determining the 
Accuracy of Potential Transformers, by C. T. Weller. 

A Precision Regulator for AUernaiing Voltage,'^ by 
by H. M. Stoller and J. R. Power. 

The following papers on the subject of High-Speed 
Instruments and Measurements were presented at the 
Middle-Eastern District Meeting, Cincinnati, March 21, 
1929. 

High-Speed Photography in Electrical Engineering, 
by H. W. Tenney, (available in pamphlet form only). 

Oscillographs for Recording Transient Phenomena, by 
W. A. Marrison. 

A New Type of Hot-Cathode Oscillograph, by R. E. 
George. 

Bushing Type Current Transformers for Metering, by 
A. Boyajian and W. F. Skeats. 

Excitation of Current Transformers under Transient 
Conditions,^ by D. E. Marshall and P. 0. Langguth. 

Conclusion 

The past year has been one of activity for the In¬ 
struments and Measurements Committee. Not all 
of the present advances in the art have been studied 
directly by the committee, but these remain for future 
study and report. Chief among these are the advances 
infrequency measurement and control, and the remark¬ 
able progress in cathode ray oscillography. These 
and other projects bespeak progress in the measure¬ 
ments field which may truly be called gratifying. 

APPENDIX A 

A Report of progress in. High-Frequency Electrical Measure¬ 
ments as reflected by the literature. A short list of papers 
published during 1927 and 1928. 

American Institute op Electrical Engineers Transactions 

Two Range Vacuum Tube VoUmeter, Janskey and Feldman, 
Vol. 47,1928, p. 307. 

Measurement of Surge VoUages, Lee and Foust, Vol. 46, 1927, 
p. 339. 

Measurement of Telegraph Transmission, Nyquist, Shank, and 
Corey, Vol. 46,1927, pp. 231 (385). 

The Oscilloscope, Bedell and Reich, Vol. 46, 1927, p. 546. 

Use of High-Frequency Currents for Control, Boddie, Vol. 46, 
1927, p. 975. 

Measurement of Mechanical Forces in Elec. Cir., Roper, 
Vol. 46,1927, p. 574. 

Svhstitidion Method for the Determiruition of Resistance of Induc¬ 


tors and Capacitors at Radio Frequencies, Burke, Vol. 46, 1927, 
p. 482. 

Condenser Shunt for Measurement of High-Frequency Currents 
of Large Magnitude, Nyman, Vol. 46, 1927, p. 488. 

High-Frequency Measurement of Communication Apparatus, 
Shackelton and Ferguson, Vol. 46, 1927, p. 519. 

Measurement of Puncture Voltage, Bush and Moon, Vol. 46, 

1927, p.1025. 

High-VoUage Measurement on Cables, Kasson, Vol. 46, 1927, 
p. 635. 

A. I. E. E. SYMPOSIUM, JUNE 1929 
Shielding in High-Frequency Measurements, J. G. Ferguson. 
Magnetic Shielding, Gokhale. 

Precautions Against Stray Field Errors in Measurements with 
Large Alternating Currents, Dr. F. B. Silsbee. 

Shielding and Guarding Electrical Apparatus, Dr. H. L. Curtis. 
Shielding for Dielectric Loss Measurements on Short Lengths 
of High-Tension Cable, Salter. 

Some Problems in Dielectric Loss Measurements, Dawes, 
Hoover, and Reiohard. 

1928 Proceedings Institute Radio Engineers, Vol. 16 

‘‘New Method of Calibrating Ammeters at R. F.,’* Hazel, 
No. 1, 1928, p. 40. 

“Precision Method for Measurement of High Frequency,” 
Aiken, Vol. 2,1928, p. 125. 

“Precision Determination of Frequency,” Horton and Morri¬ 
son, Vol. 2, p. 137. 

“Condenser Shunt for Measurement of Large R. F. Currents,” 
Nyman, Vol. 2, p. 208. 

“Measurement of Choke Coil Inductances,” Wright and Bow- 
ditch, Vol. 3, 1928, pp. 373 (844). 

“Measurement of T. V. T. Capacities by a Transformer 
Balance,” Wheeler, Vol. 4,1928, p. 476. 

“D. C. Bridge for T. V. T. Measurements,” Walsh, Vol. 4, 
p. 482. 

“Bridge Method for Measuring Inter-electrode Admittance,” 
Hoch, Vol. 4, p. 487. 

“Use of Oscillograph for Recording T. V. T. Characteristics,” 
Schneider, Vol. 5, 1928, p. 674. 

“Compensated Electron Tube Voltmeter,” Turner, Vol. 6, 

1928, p. 799. 

“A New Method for Determining the Efiftciency of T. V. T. 
Circuits,” Crossby and Page, Vol. 10, 1928, p. 1375. , 
“Constant Impedance Method for Measuring Choke Coils,” 
Turner, Vol. 11, 1928, p. 1559. 

“Bridge Circuit for Measuring L with Superposed D. C.,” 
Landon, Vol. 12,1928, p. 1771. 

“Quantitative Measurements on Reception on Radio-Tele¬ 
graphy,” Anders, Vol. XV, 1927, p. 297. 

“Loud Speaker Testing Methods,” Wolff and Ringel, Vol. 
XV, p. 363. 

“Measurement of R. F. Amplification,” Harris, Vol. XV, p. 
641. 

“Testing A. F. Transformers,” Dickey, Vol. XV, p. 687. 
“Testing of A. F. Transformer Coupled Amplifiers,” Diamond 
and Webb, Vol. XV, p. 769. 

Institute op Radio Engineers—Symposium on Measurement 
OP Frequency, April 3, 1929 

“The Routine Measurement of the Operating Frequencies 
of Broadcast Stations,” Henry L. Bogardus. 

“The Testing of Piezo Oscillators for Broadcast Stations,” 
E. L. Hall. 

“The Precision Measurement of Time,” Alfred L. Loomis. 

“A High Precision Standard of Frequency,” W. A. Marrison. 

“Observations on Modes of Vibration and Temperature 
Coeflloients of Quartz Plates,” F. R. Lack. 

“A Convenient Method for Referring Secondary Frequency 
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Standards to a Standard Time Interval,” L. M. Hull and James 
K. Clapp, (presented by Mr. Clapp). 

“Frequency Measurement,” S. Jimbo (presented by W. G. 
Cady). 

Institute of Radio Engineers, R. S. I. Meeting May 15, 1929. 
“Current Developments in Radio Measurement Research,” 
J. H. Dellinger. 

“Inductance as Affected by Initial Magnetic State, Air-Gap, 
and Superposed Currents,” H. M. Turner. 

“Studies in Echo Signals,” A. H. Taylor and L. C. Young. 
“Detection at High Signal Voltages,” Stuart Ballantine. 
“The Mutual Impedances between Adjacent Antennas,” 
C. R. Englund and A. B. Crawford. 

“Some Measurements on the Directional Distribution of 
, Static,” A. E. Harper. 

Bell System Technical Journal 

“Measurement of C in Terms of R and F.” Ferguson and 
Bartlett, Vol. 7,1928, p. 420-37. 

“Measurement of Communication Apparatus,” Ferguson and 
Shackelton, Vol. 7,1928, pp. 70-89. 

“Bridge for Measxuring Small Time Intervals,” Herman, Vol. 
7,1928, p. 343. 

“Shielded Bridge for Inductive Impedance Measurements at 
Speech and Carrier Frequencies,” Shackelton, Vol. 6, 1927, 
p. 142. 

“Measurement of L by Shielded Owen Bridge,” Ferguson, 
Vol. 6,1927, p. 375. 

“Determination of Electrical Characteristics of Loaded Sub¬ 
marine Cables,” Gilbert, Vol. 6,1927, p. 387. 

“Location of Opens in Toll Telephone Lines,” Edwards and 
Herrington, Vol. 6,1927, p. 27. 

. “Analyzer for Voice Frequency Range,” Moore and Curtis, 
Vol. 6,1927, p. 217. 

“Analyzer for Complex Electric Waves,” Landeen, Vol. 6, 

1927, p. 230. 

Joumal Franklin Institute 

“A Capacity Measurement Method,” Roberts, Vol. 206, 

1928, pp. 699-701. 

“Measurement of Small Time Intervals,” Quayle, Vol. 203, 

1927, pp. 407-412. 

Joumal Optical Society of America 

“Method of Adjusting R. F. in Small Steps,” Clapp, No. 17, 

1928, pp. 132-7. 

“The Ultramicrometer,” Obata, Vol. 16, 1927, p. 419-32. 

Joumal Institution Electrical Engineers (London) 

Some Recent Advances in A-C. Measuring Instruments,” 
Edgcumb, 1927, p. 653. 

“A Wireless Works Laboratory,” Turner, 1927, p. 881. 
“Errors in Magnetic Testing of Ring Samples,” Hughes, 1927, 
p. 932. 

Experimental Wire and Wireless Engineer (London) 
“Bridge for Measuring L and C,” Zeckner, Vol. 6, 1928, 

pp. 280-2. 

“Dielectric Losses in Single Layer Coils,” Jackson, Vol. 5. 
1928, pp. 265-8. 

“Measurement of Small Variable C at R. F.,” Griffiths, Vol. 5, 
1928, pp. 452-9. 

“Notes on Reflex. Voltoeter,” Medlam and Aschwald, Vol. 6, 
1928, pp. 56-60. 

“Survey of Methods of Radio Signal Measurement,” Screnivas- 
san, Vol. 6,1928, pp. 206-10. 

“Direct Reading Valve Tester,” Scroggerio, Vol. 5, 1928, pp. 
480-4. 

“Harmonic Comparison of Radio Frequency by Cathode Ray 
Oscillograph,” Rangachori, Vol. 6 , 1928, pp. 264r6. 


“Design of Non-Contact Thermojunction Ammeters,” Cole- 
brook, Vol. 5, 1928, pp. 538-45. 

“Method of Calibrating Low Frequency Oscillator with 
Single Frequency Source,” Vol. 6, 1928, pp. 633-5. 

Journal Scientific Instruments (London) 

“New Universal Long Wave Radio Field-Intensity Measuring 
Set,” Vol. 6,1928, pp. 1-9. 

Revue OSnSrale de VElectridtS 

“Measurement of Capacity,” Mey, Vol. XXIV, p. 672. 

“Measurement of Voltages below 10,000,” de la Gorce, Vol. 

XXI, p. 603. 

“Wheatstone Bridge for Small Resistances,” Vol. XXII, 
p. 67. 

“Wheatstone Bridge for Small Resistances,” Vol. XXII, 
p. 1136. 


Discussion 

F. A. WolfEt I happen to be on the minority side with regard 
to the question of the substitution, at this time, of the absolute 
electrical units for the concrete units. There are in fact two sep¬ 
arate questions involved. One is whether the present concrete 
standards are in sufficiently close agreement with the absolute 
units. The other and more practical question is whether the sub¬ 
stitution of absolute measuring apparatus for concrete standards 
will give as high an acctiracy. 

Unfortunately, the precision of electrical comparisons is far 
beyond the limits of accuracy to which absolute measurements 
can be carried and far beyond the limits of accuracy to which con¬ 
crete standards can be reproduced. The choice eventually made 
will be to flx values, as closely as possible, whether by absolute 
measiiring apparatus or by concrete standards. 

At this time it cannot be said that the accuracy of absolute 
measurements has attained the accuracy with which the standard 
cell or mercury ohm can be reproduced, provided that these con¬ 
crete standards are constructed on the basis of proper specifica¬ 
tions. That has not as yet been done. There was a reaction 
against setting specifications for the standard cell and silver 
voltameter because the electromotive force and electrochemical 
equivalent are characteristic properties of the materials involved. 
Why then have specifications? Specifications, to my mind, are 
nevertheless necessary to assure the highest accuracy, especially 
when the work is done by persons lacking adequate experience. 

In connection with previous discussions of this subject, I made 
a very earnest plea, that work on the concrete standards be carried 
on alongside the new work on absolute standards now going on in 
various laboratories which without doubt will yield an enhanced 
accuracy. I am quite sure the same would be true with regard to 
the concrete standards. 

Eventually, as I foresee it, we shall bring about a closer agree¬ 
ment between the values assigned to the concrete working stand¬ 
ards and their absolute values. I should like to make that step, 
however, a little later so that it will not be necessary to make 
another change in the course of the next five or ten years 
as further absolute measurements are made. I foresee eventually 
as this work on absolute measurements is carried to completion 
that we shall assign a particular value to the standard ceU and we 
shall stick to that for a long time, even though subsequent abso¬ 
lute measurements may show that it is slightly in error, because 
we shall not want to make another change. 

In the same way, I think we shall fall back on a material re¬ 
sistance standard because considerable promising research work 
has already been done on the causes of variation of resistance 
standards. I feel confident that even now we are able to con¬ 
struct resistance standards which will retain their values over a 
long period of years to a closer accuracy than attainable by indi¬ 
vidual absolute measurements. 

With regard to standard cells, a group of cells which has just 
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been set up at the Bureau of Standards agrees in value to an ac¬ 
curacy of one part in 100,000 with cell^ which my colleagues and 
I set up more than twenty years ago. I am sure absolute 
measurements have not yet attained quite that accuracy. 

J. G. Clark: I have a question for Mr. Lee relating to the 
recommended definition of “distortion factor.” 

It appears to me that this definition is, possibly, open to ob¬ 
jection. To make this clear, let us consider a combined wave 
having, say, a third harmonic of effective value equal to 500 per 
cent of the effective value of the fundamental. Under the pro¬ 
posed definition, the distortion factor of the wave would be 
slightly less than unity. Would it not be better to make the dis¬ 
tortion factor the ratio of the effective value of the combined 
harmonics, other than fundamental, to the effective value of the 
fundamental? 

E. S. Lee: We appreciate Mr. Wolff’s position. The substi¬ 
tution of the absolute standards for the concrete standards is not 
going to take place today. Even those most hopeful for this ad¬ 


vance recognize that there is much work yet to be done before 
this can be done. But the scientific advantages of such a change 
are appreciated and the urge to do the necessary work is present. 
In this there is satisfaction. 

It would seem that there has been much time during which 
specifications could have been adequately made for the standards 
in their present material form. Perhaps not. However, there is 
no reason to feel that such standards are to be completely aban¬ 
doned for there is recognition that they represent the standards 
of electrical measurements for a most fruitful regime assuring 
their preservationinform. Time may show their increasing worth 
as secondary standards. If there are possibilities for their im¬ 
provement, the realization of Such will doubtless still be of benefit. 

Referring to Professor Clark’s question, we use the effective 
value of the original wave because we know this value. Also, we 
are primarily interested in values of distortion factor within, say, 
10 per cent or less. The condition cited by Professor Clark would 
not come within this range. 



Iron and Steel Production 

annual report of COMMirrEE ON APPLICATIONS TO IRON 

AND STEEL PRODUCTION* 


To the Board oj Directors^ 

Because of themagnitude of the projects and the rapid 
development that is taking place in certain phases of die 
iron and steel industry, especially in regard to appli¬ 
cation of electric power, an annual report of appli¬ 
cation of electric power to the iron and steel industry 
must neces^ily be a continued story from year to year. 
These developments are keeping pace with the investi¬ 
gation of the metallurgist, which investigations have 
resulted in new processes for shaping steel. 

While during the past year there have been no new 
steel plants built, many plants have added to their 
equipment. During the year of 1928, the steel industry 
purchased in main drive motors a total exceeding 
200,000 hp., the units ranging from 300 to 7000 hp. 

It is interesting to note that of this total, approxi¬ 
mately 80 per cent are d-c. machines. This is largely a 
result of the installation of several new continuous mills 
with individual motor drive for each stand of rolls. 

Synchronous motors for driving constant speed mills 
are increasing in number every year, and during the 
past year, synchronous motors have been supplied rang¬ 
ing in size from 400 to 5000 hp. 

A mill drive of unusual interest which is now being 
installed is that for the 36-in. reversing Universal 
slabbing mill at the Steubenville, Ohio plant of the 
Wheeling Steel Corporation. This is the first instance 
in this country in which separate reversing motors are 
used for driving the horizontal and vertical rolls of the 
mill. The motor which will drive the horizontal rolls 
is a single-armature d-c. machine rated 7000 hp. con¬ 
tinuous, 50/100 rev. per min., 750 volts. 

The number of continuous mills having stands 
individually driven by adjustable speed motors 
still grows. The largest drive for a mill of this type 
which has been purchased during the year is that for the 
60-in. wide strip mill at the Wheeling Steel Corpora¬ 
tion's Steubenville plant. The total continuous rating 
of the motors on this mill is over 20,000 hp., and d-c. 
power will be furnished by three 4000-kw., motor- 
generator sets. 

During 1928 the American Rolling Mill Company 
placed in service a new wide strip mill. This mill is 
laid out to produce strip material up to about 60 in. 
wide and is one of the largest strip mills yet installed. 
The total capacity of the 11 driving motors is 21,800 
hp. 
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The manufacturers of wide strips continue to enlarge 
their manufacturing capacity and apparently the end of 
their research and development is not in sight. The 
success of wide strip rolling is in considerable measure 
due to the accuracy that can be secured through 
modem electric drives and control equipment using 
individual motor drive of stands. 

Time limit control of acceleration has now been in use 
on mill auxiliary drive for three or four years and has 
proved extremely successful. 

A miU t37pe motor which completely meets the recent 
standardization rules of the Association of Iron and 
Steel Electrical Engineers in all respects as to rating, 
speed, and dimensions is now in successful operation in a 
large number of steel mills, one installation of almost 
200 motors having been in use for a year and a half with 
no troubles: 

As regards the construction and design of mflip roll 
motors, such machinery is now largely being fabricated 
from rolled steel products by means of arc welding. The 
magnet frames of practically all of the large d-c. ma¬ 
chines are now constructed from rolled steel slabs with 
feet and lugs welded to them. The stator frames of 
S3mchronous and induction motors are fabricated from 
steel plates and bars welded together, arid the rotors of 
some of the synchronous motors are also being fabri¬ 
cated from plates and slabs. 

The use of these fabricated frames has reduced cost 
and reduced manufacturing time for large electric 
motors. It also improves commutation and other 
^aracteristics, and it has become a definite feature 
in the new era of steel mill electrification. 

The statistics for 1928 show that there was a total of 
188 cranes purchased in the iron and steel industry, all 
having electric drives. 

In the field of yard transportation, the Diesel electric 
locomotive is proving extremely successful in reducing 
operating and maintenance cost. 

During the current year, the Ward Leonard type of 
control has been successfully applied to blast furnace 
skip hoists at the Bethlehem Steel Company’s Plant at 
Sparrows Point, and also at the Tennessee Coal and 
Iron Company in Alabama. Engineers may not 
generally appreciate the limitations of the hoist equip¬ 
ment of blast furnaces, particularly on those furnaces 
that have been greatly increased in size in the last few 
years and are equipped with hoists of the single bucket 
t 3 ^e. The Ward Leonard control installed at Sparrows 
Point has quite materially helped furnace fining condi¬ 
tions and made it possible to secure increased outputs 
on their furnaces. 

The electrically operated mud gun is one of the most 
outstanding developments witnessed by the blast 
furnace industry in many years. Before describing the 
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new gun and its operation, a brief consideration of 
the work previously involved in stopping an iron notch 
will perhaps aid the reader unfamiliar with blast fur¬ 
nace operation to grasp the significance of the new 
development. 

Tapping holes in the early days of ironmaking were 
closed by ramming in balls of fire clay with what was 
known in blast furnace parlance as a stopping hook. 
The operation was performed by hand and required 
keeping the furnace off blast for a short period of time. 
As the size of the stacks was increased, higher blast 
pressures were used and higher production obtained. 
This increase in the quantity of molten metal in the 
hearth and the blast tested the skill of the furnace 
keeper in stopping back the notch so that the iron would 
not trickle through after the blast was applied. 

The mud gun, which is operated by three mill type 
motors, enables the operator to stop back the notch 
without taking the furnace off the blast. 

Public utilities are showing increased interest in the 
possibility of assuming steel mill loads and have entered 
a few plants supplying a part of their power require¬ 
ments. Because of the economical use of what have 
heretofore been waste gases around a steel mill, compe¬ 


tition between the public utility and the steel mill in 
the generation of power is of course very keen. Appar¬ 
ently the possibility of a public utility entering a steel 
mill depends not upon its ability to take over existing 
load under competitive conditions, but the possibilily 
of assuming new loads brought about by increased 
manufacturing capacity of the steel plant. This phase 
of the public utility power outlet is comparatively new, 
but is assuming greater importance each year. 

During the current year, the first steel mill inter¬ 
connected transmission system was placed in service by 
the Carnegie Steel Company and -the National Tube 
Company in the Pittsburgh District. This transmis¬ 
sion system consists of a long span, double-circuit tower 
line, similar in design to recent public utility practise. 
It is operated at the present time at 44,000 volts. Five 
steel mill and coke plant power plants, having gen¬ 
erating equipment aggregating 150,000 kv-a., are 
interconnected. The purpose of this interconnection 
is to transmit in the form of electric power, excess by¬ 
product fuel available at any plant to other plants where 
a shortage of such fuel may exist. It is an essential 
feature in the complete utilization of excess blast fur¬ 
nace gas, coke breeze, etc. 



Production and Application of Light 

ANNUAL REPORT OF COMMITTEE ON PRODUCTION AND APPLICATION 

OF LIGHT* 


To the Board of Directors: 

Introduction 

The report of the Committee on Production and 
Application of Light calls attention to the outstanding 
advancements and trends in the art of lighting by 
electricity. Material used in the compilation has been 
furnished, not only by members of the committee, 
but by other authorities in various fields. 

Production of Light 

As was the ease a year ago, most of the developments 
in production of light during the past year have been 
in the nature of improvements rather than radically 
new devices or methods. 

Incandescent Filament Lamps 
Standard Multiple Lamps. Since the - introduction 
of the standard line of inside frosted lamps, the 50- 
and 60-watt sizes have both been made with A-21 
bulbs but the 60-watt lamp was designed to be 5/16 in. 
longer than the 50-watt. Subsequent experience has 
shown that this is not necessary and the 60-watt lamp 
has been reduced to the same over-all length as the 
50-watt, 4-15/16 in. This results in a simplification 
of manufacturing and packing problems and at the 
same time permits the use of 60-watt lamps in certain 
units which at present will only accommodate 50-watt 
lamps, thereby permitting higher levels of illumination 
in accordance with modem trends. 

The sale of 75-watt lamps, which comprises about 
3.5 per cent of the total sale of all multiple burning 
lamps, has made an inside frosted bulb for this size 
desirable. Accordingly, the manufacturers announce a 
75-watt lamp in an A-23 bulb with the same physical 
dimensions as the standard 100-watt lamp in the A-23 
bulb. 

Special Multiple Lamps. The 10-watt 115-volt lamp 
in the C-9J^ bulb, mentioned in last year's report, 
has been improved by the addition of flutes to the bulb 
which makes it more pleasing in appearance and more 
suitable for Christmas and other holiday decorations. 
The lamp of same rating in the S-11 bulb has been 
reserved for sign service and other decorative and 
miscellaneous purposes. 

A new 25-watt lamp of the 115-volt range in a 
T-Qyj bul b was announced. This small lamp in a 
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tubular bulb 53^ Id. by 13/16 in. can be used in small 
inconspicuous reflectors which are admirably adapted 
for lighting show cases, paintings, and small signs; it 
is being used in some of the new t 3 T)es of luminaires for 
general illumination. (Fig. 1) 

Railway Signal Lamps. The following types of 
lamps have been standardized for railway signal 
service by the Signal Section of the American Railway 
Associa.tion. They have the C-2 filament form as 
shown in Fig. 2. This form is rapidly replacing other 
filament construction. 

Street Series Lamps. A notable change has been 
made in the bulb size of 4000-lumen 15-ampere, 6000- 
and 10,000-lumen 20-ampere lamps for street lighting 
service. The bulb of the 4000-lumen 15-ampere lamp 
has been changed and 10,000-lumen 20-ampere from a 
long neck PS-40 to a short neck PS-40 bulb. This 
places the 4000-lumen 15-ampere lamp in the same bulb 
as the 300-watt multiple lamp and the 20-ampere lamps 
in the same bulb as the 500-watt multiple lamps. The 
changes were accompanied by a reduction in the light 
center lengths of 2^ in. which can be compensated 
for either by moving the sockets, as is possible in a great 
many types of equipment, or by the use of a 23 ^-in. 
socket extension designed for the purpose. The new 
designs permit the substitution of machine blown bulbs 
for hand blown bulbs and have permitted a substantial 
reduction in the prices of these types. 

Street Railway Lamps. A 56-watt A-21 coiled fila¬ 
ment inside frosted lamp for operation five-in-series on 
525-650-volt street railway circuits has been added to 
the line of lamps, for this service. The new lamp 
supersedes one of similar rating in the clear S-21 bulb. 

Aviation Lamps. The ideas of illuminating engineers 
on the subject of floodlighting for aviation landing 
fields crystallized during the year to the point where it 
was possible to standardize a group of four lamps for 
this service. These are, the 1500-watt 32-volt T-24, 
the 3000-watt 32-volt GT-88, the 5000-watt 115-volt 
G-64, and the 10,000-watt 115-volt G-80 airport flood¬ 
lighting lamps shown in Fig. 3. One or the other of 
these four lamps can be used in practically all of the 
present lighting equipment and it is expected that future 
projectors will be designed around them in order to 
utilize to the fullest extent the advantages of high lumen 
output and efficiency, concentrated light source, and 
economy in operation and maintenance. 

Motion Picture and Sound Recording Lamps. The 
introduction of motion pictures accompanied by sound 
required the development of a number of new types^of 
incandescent lamps designed for use both in the studio 
where the pictures are taken and in the projection 
apparatus. In the studio, in addition to the standard 
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general lighting lamps, are used three high wattage 
lamps especially designed for this service. These are 
the 2000-watt 116-volt G-48 bulb spotlight, the 5000- 
watt 115-volt G-64, and the 10,000-watt 115-volt 
G-80, shown in Fig. 4. These latter two lamps are 
similar in rating to those used for aviation landing 
'floodlights but different in fllament construction. 

To record the sound on the film and to reproduce it iff 
the theater a small 7.5-ampere 10-volt T-8 bulb lamp, 
shown in Fig. 6, is used. This lamp projects on the film 
a fine pencil of light which is varied in accordance with 
the vibrations of the sound and this in turn variously 
affects the emulsion on the film. In reproducing the 
soimd in the theater a similar pencil of light is projected 
through that portion of the film bearing the sound 
record and into a photoelectric cell. The light of 
varying intensity which reaches the photoelectric cell 
modulates the current flowing through it and this 
modulated current is amplified in order to be fed to the 
loud speakers. Thus the original sound vibrations 
are translated to light, recorded upon the photographic 
film, retranslated to light, then to electric current, and 
finally back to sound again. 

Mechanical Cledim. T^e useful life of the very 
large sizes of inhandesceiit lamps such as the 3000-, 
5000-, and 10,000-watt lamps used for airport floodlight¬ 
ing and motion picture studio illumination, has largely 
been limited by the blackening of the bulb. If the 
lamps are made in bulbs small enough to fit equipments 
of reasonable size the bulbs become badly blackened 
long before the filaments fail. An abrasive powder is 
now being placed inside the bulbs of these lamps so 
that after they have become blackened in service they 
may be swept clean by simply swirling the powder 
around against the bulb walls. 

Colored Lamps. light’s Golden Jubilee, which will 
be celebrated this year to commemorate the 50th 
anniversary of the incandescent lamp, will be made 
more colorful by the use of inside colored lamps, a 
process developed during the year. By this process the 
coloring material is sprayed on the inside of the bulb 
walls instead of on the outside. Thus the coloring 
material is protected from the weather, is rendered per¬ 
manent and proof against fading dr scratching, and the 
outside of the bulb is left smooth to retard the accumu¬ 
lation of dirt and permit easy cleaning. 

BaseSf Sockets, and Adapters. The medium prefocus 
base mentioned in last year’s report has been supple¬ 


mented by a mogul base of similar design but larger 
dimensions. In addition to the projection lamps to 
which these have been applied there are now included 
spotlight lamps, certain types of floodlight lamps, 
airplane headlight lamps, and airway beacon lamps. 
They are being used experimentally on locomotive 
headlight lamps. Equipments provided with the 
prefocusing sockets designed to accompany the pre¬ 
focus base have the advantage that renewal lamps may 



Fia. 1 —^25-Watt, 110-115- 
120-Volt, T-6J^ Bx;lb Inter¬ 
mediate Screw Base Mazda 
Lamp 



WHICH IS Rapidly REPLAcma 
Other Filament Construc¬ 
tion 


be easily installed and are automatically focused with¬ 
out further adjustment. 

Tungsten filament incandescent lamps have been 
improved tremendously in mechanical strength and 
ability to withstand abuse, but on the other hand the 
public has come to expect more and more of them. 
Lamps are expected to give service today under con¬ 
ditions that Would never have been conadered a few 
years ago. To alleviate the worst of these cases a 
vibration-resisting adapter has been developed which 
may be installed in the regular lamp socket arid serves 
to protect the lamp. The use of these adapters in 

























1396 


PRODUCTION AND APPLICATION OP LIGHT 


ransaetions A. I. E. E. 


locations where the mechanical failure of the filament 
is^the predominant factor in determining lamp life, 
m\\ usually prolong the hours in service. 

^VoUage Standardization. It is common practise to 
refer to the lighting circuit voltage as “110 volts" but 
it may surprise many to learn that 110-volt lamps com¬ 
prised only 8.1 per cent of the total number in the 100— 



Pig. 3—^Aviation Lamps 
(Leffc to Hight) 

1.6 Kw.— 3 Kw.— 6 Kw.— 10 Kw. 

32 Volts—32 Volts—116 Volts—110 Volts 

130-volt range sold during 1928. Approximately 48 
per cenc were rated at 115 volts and 39 per cent at 120 
volts. The remaining 5 per cent were scattered among 
the other voltages in that range. 

Gaseous Conductor Lamps 
Mercury Arc Lamps. To meet the demand for 
industrial lighting units giving a radiation more nearly 



Pig. 4—Studio Lamps, 

(Left to Right) 

2 Kw. — 6 Kw. — 10 Kw. 

116 Volts —116 Volts —116 Volts 
G-48 Type—G-64 Type—G-80 Type 

equivalent to direct sunlight in the effect on general 
health, mercury arc tubes have been made up in forms 
identical with those used for industrial lighting but in 
^ass of slightly higher ultra violet transmission. It 
is possible to build such lamps to meet any specific need 
in the way of an extended ultra violet spectrum. The 
practical value of such lamps depends largely on the 


recently demonstrated effect that the shortest radiation 
present in sunlight is apparently also the most effective 
radiation for most health purposes and that this radia¬ 
tion does not seem to be harmful when used in an 
amount comparable to that obtainable from direct 
sunlight. The value as well as possible harmful 
effects of radiation of a shorter wavelength than this 
is being investigated. 

The rapidly expanding field of application of quartz 
mercury arcs in both therapeutic and health lighting 
has brought forth a variety of new types of arc, all of 
them differing from older designs only in minor 
mechanical details of construction and appearance. In 
the past, emphasis has been placed on very clear fused 
silica of the highest transmission for the veiy short 
wavelengths because of the need in some cases of high 
intensity in the short wavelengths and because in other 



Fig. 5—Photophonb Lamps, 10-Volt, 7.5 Ampere T-8 Bulb 

cases of sales propaganda on the basis of appearance. 
The recent emphasis on the importance of the inter¬ 
mediate wavelengths in the ultra violet and the use in 
many cases of filters absorbing all radiation of sr wave¬ 
length less than 280 or 290 milli-microns has encouraged 
a tendency to the use of less clear fused silica. 

Neon Lamps. The principal development in high- 
voltage neon lamps has been in the use of smaller elec¬ 
trode areas than were formerly thought possible and in 
the construction of neon tube lamps of considerably 
higher current density than has ever before been used. 
This has resulted from attempts to use the lamps as 
landing field beacons and for high-intensity sign work. 

New color effects have been obtained through im¬ 
proved filter glasses used as tubing materials, and in a 
few cases high-voltage discharge lamps have been made 
using gases other than neon and neon-mercury, but 
their use has not been widespread. 

Hot cathode low-voltage neon tube lamps are being 
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regularly distributed for use either alone or in combina¬ 
tion with mercury vapor tubes for use in box signs, 
photographic outfits for panchromatic work, and to 
some extent for beacon work on shipping docks and 
airplane landing fields. 

The negative glow socket type of neon lamp which 
was mentioned in the 1926 report of this committee 
has undergone further development during the past 
year. The present form of this lamp is designed for 
operation on 115 volts, a-c. circuits and consumes about 
^ of a watt, and also for 220 volts, a-c. or d-c., consum¬ 
ing ^ of a watt. The luminous output is of the order 
of 1/10 cp. Its field of use is primarily that of an 
indicator or night light. A larger lamp has been 
developed which will operate on 110 volts a-c. or d-c. 
and consumes approximately 2 watts, and has a 
luminous output of the order of ^ cp. The latter 
lamp is made up using an S-14 bulb and medium 
screw base. 

Induction Lamp. The electrodeless discharge in 
neon, in the form of an induction lamp, has undergone 
development during the past year and is being used 
experimentally as a light source for airway beacons. 
A 3-in. clear fused quartz bulb incloses the luminous 
gas. The lamp under operating conditions has a 
brightness in excess of 40 candles per square cm. and 
when used at the focus of a 36-in. mirror, a beam 
candlepower of the order of 500,000 is obtained. Due 
to the selective emission of the neon induction lamp in 
the orange red part of the spectrum, this tsrpe of light 
is being tested for visibility in mist and foggy weather. 
Experiments carried out during the last year have 
indicated that this particular type of light has con¬ 
siderably greater penetration .or visibility per unit of 
candlepower than has white light. It has been demon¬ 
strated that the neon beacon must operate considerably 
above 100,000 beam candlepower to excel the regular 
white airway beacon which operates at several million 
beam candlepower. 

A recent test shows no difference between the visi¬ 
bility of light from a neon lamp and light of the same 
color and horizontal candlepower distribution produced 
by an incandescent filament lamp with a red glass 
filter. The comparison of the clear incandescent lamp 
and the incandescent lamp with red color filter shows 
that the red filter does not increase the range under any 
weather conditions. It always reduces the range but 
there is some evidence that the red filter does not 
reduce the range as much in foggy weather as it does in 
clear weather. It was, however, noticed that the 
flashes of the red beams were generally easier to find 
among shore lights, especially before the observers had 
learned just where to look for them. 

Television Lamp. Progress during the past year has 
been made in regard to the flat type of television lamp. 
These lamps can now be made to have a d-c. breakdown 
of about 80 volts and will operate at a current density 
of 10 milliamperes per sq. cm., for several hundred 


hours life. The voltage drop across the tube at the 
above current density is of the order of 70 volts. 

Carbon Are Lamps. A number of types of arc lamps 
using impregnated carbons has been placed on the 
market for therapeutic use. While some of these are 
of the cheapest construction, others are very well made 
and provided with filtering glasses for proper ranges 
in the ultra violet spectrum. 

Application of Light 

INTERIOR ILLUMINATION 
Industrial Lighting 

The past year has witnessed an increasing acceptance 
on the part of production managers Of high levels of 
general illumination. Among the new lighting systems 
installed were a goodly number in which 15 to 30 foot- 
candles of general illumination are obtained; in some 
instances higher illumination values of 40 to 60 foot- 
candles, over large areas, have been found economical. 

Following closely upon the acceptance and installation 
of these higher levels of illumination is an increasing in¬ 
terest in special lighting for specific jobs. Group 
lighting, a system in which the lighting units are located 
with respect to the machine groups, has been adopted 
in a number of plants, especially those where the loca¬ 
tion of the machine groups is fairly permanent, and in 
which the direction of light desired is constant. 

The development of group lighting applications re¬ 
quires characteristic distribution curves of light, which 
are necessary to obtain the greatest utilization over any 
given area; more and more attention is being paid to 
control of light to fit these requirements. The year has 
been truly one in which the important lighting installa¬ 
tions may be characterized as ‘Tailor-made” in con¬ 
trast with the “rubber-stamp” methods of duplicating 
outlets throughout a work area. 

Especially interesting is the tendency in lighting 
high bay areas, towards the use of higher and higho* 
wattage lamps. Several of the reflector companies have 
met this demand by redesigning their large high 
mounting height units to accommodate 1500-watt 
lamps with a good efficiency as well as 750- and 100- 
watt lamps. 

Notable also is the trend toward dust-proof lighting 
units, or cover glass appliances, for the 200- to 500- 
watt equipment. This is in the interest of ease of 
maintenance in the usual installation, and safety where 
lighting is used in dusty places. The increasing use of 
lacquer for coating wood and metal products has 
brought serious investigation of methods for lighting 
areas where these products are used, and the lighting 
equipments considered acceptable. Several large users 
of lacquer finishes have developed methods for lighting 
spray booths and spray tunnels, entirely from the 
outside. 

Commercial Lighting 

Mention was made last year that installations de¬ 
signed along modernistic lines were beginning to appear. 
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This tendency has greatly increased. While it is true 
that this new school of decoration originated in con¬ 
tinental Europe, progressive American architects have 
at once seen its advantages, particularly when applied 
to the newer forms of American architecture. A more 
detailed analsrsis of this trend and its influence is given 
in a separate news note. 

The entrances and lobbies of the new office buildings 
are striking and generally lighted in such a way as to 



Fig. 6—^Mooebnistic Styles in Wall Bkaceets and Center 

Fixtures 

take full advantage of the potentialities of present day 
light sources. There has not been much change in the 
methods of lighting of offices themselves, save a gradual 
growing appreciation of the beneflts of high level, well 
diffused general illumination. 

The merchant is always in search of the new to 
attract customers, and it is natural that he is one of the 
first to adopt the new school. ■ Even in the small neigh¬ 
borhood type of store we are finding enclosing units 
along modernistic lines, although produced in com¬ 
mercial quantities. The distinctive shops have given 
us some wonderful examples of the use of light for 
decoration and even the department stores under con¬ 
struction are decidedly modernistic in feeling. On 
every hand are to be noted show windows with the 
decorations along modem lines and some very unique 
applications of lighted window furniture. 

Residencb Lighting 

The modernistic trend in home lighting equipment 
has made a vast stride in the past year. American 
manufacturers are offering many varieties of fixtures 
closely resembling the designs which European artists 
have been developing. Decorative portables, waif 
brackets, and center luminaries are designed with pro¬ 
nounced geometric plane surfaces representing, in many 


instances, an assembly of rectangles, triangles, or 
squares of various light colored tints, plain shades, and 
artistic mixtures. These glass planes not only conceal 
the lamps from general view but also diffuse the light 
over a wide area, thereby creating a quality of illumina¬ 
tion which illuminating engineers have been striving for 
years to introduce into the American home for whole¬ 
some lighting. 

Following a wide development and design in portable 
decorative units, the domestic manufacturers have de¬ 
veloped many new artistic designs of utility equipment 
for home lighting. Some of these recent types are illus¬ 
trated in Figs. 6,7, and 8. 

Light Ornaments. A few years ago the use of light 
simply for decoration was encountered only rarely. 
Now one scarcely passes a single gift shop which does 
not display one or more forms of light ornaments. 
During the past year American manufacturers have 
developed some very commendable types, a few of 
which are shown in the accompanying illustrations 
(Figs. 9 and 10). These use cast figures against lighted 
background, translucent colored urns, cut crystal 
figures lighted from beneath, and even translucent 



Fig. 7 Fig. 8 


porcelain. Other designs are under way and will be on 
the market shortly. The French manufacturers con¬ 
tinue to bring out most pleasing designs, many of which 
cannot be economically duplicated in America. One 
of the leading manufacturers has established a local dis¬ 
tributor who reports increasing appreciation on the 
part of the trade. 

Theatrical Lighting 

The development of the use of light in the theater 
during the last year has occurred chiefly in what is 
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known a.s th© presentation house, the motion picture 
theater which shows more or less elaborate review 
numbers in addition to the motion picture. The great 
chains of theaters that have been taken over by the 
various large producing companies tend to call for 
standardized equipment in enormous quantities. Ex¬ 
perience has shown that colorful displays which change 
weekly or twice a week can be considerably aided by 
elaborate lighting effects. Thus large amounts of good 
equipment and instruments of better design than was 



Fig. 9—Group op Light Ornaments op Various Types 
Produced by American Manupacturers in the Past Year 

practical under job lot conditions have been installed in 
the larger presentation houses. 

. The nature of the presentations calls for an arbitrary 
use of light such as has seldom been in the legitimate 
theater. Designers have been given more freedom and 
the results are proving that the public demands more 
extensive use of light than ever before. Mianagers and 
architects have begun to give more attention to lighting, 
and instrument manufacturers and switchboard com¬ 
panies, encouraged by this new market, are endeavoring 
to perfect their products. 

This awakening of the appreciation of the public to 
lighting effects in the theater is confirming the start 
that the musical comedy and review producers made 
some time ago. However, the difference between the 
means of using light arbitrarily and realistically is so 
peat that the development in the legitimate theater 
is very slow. 

Motion Picture Lighting 

A census taken about the fimt of February shows 
thp of some sixty or more pictures in the process of 
being photographed, approximately 60 per cent were 
being made with incandescent lamps, an increase from 
25 per cent as of July 1, 1928. The general practise 
of the studios has been to make their sound pictures 
entirely with incandescent lamps and to restrict the 
use of other illuminants to the silent pictures. 

The Universal Studio has recently completed the 
filming of the picture '‘Broadway,’* taken from the 
popular New York success of the same name. The 
largest indoor set ever constructed was used for the 


cabaret scene. This scene, together with several 
others immediately adjacent and really becoming a 
single large set, was lighted entirely with 4800 incan¬ 
descent lamps whose wattage totalled 3,900,000. The 
largest part of this energy was employed in regulation 
motion picture photographic lighting equipment. How¬ 
ever, there were many thousands of lamps of lower 
wattage employed for decorative effects. This large 
set is indicative of a general trend throughout all of the 
studios to employ many low wattage lamps for decora¬ 
tive effects in large and miniature signs, in table lamps 
and wall brackets, and in automobile headlamps. 
Lamps are even being operated under water. 

The 2000-watt G-48 bulb lamps in the 18-in. parabolic 
reflector housing and the 5000-watt G-64 bulb lamps in 
the 24-in. housing continue to be the most popular 
types of modelling lighting units, while the 1000-watt 
and 1500-watt PS-52 bulb lamps in high efficiency glass 
reflectors are extensively used for general illumination. 
Ten-kw. lamps in 36-in. parabolic reflector units are 
beginning to be used. One of the manufacturers of the 
18-inch reflector unit has shortened the housing to 
about one-half its former length with the result that 
30 per cent more light is emitted when the unit is 
adji^ted for wider beam spreads. Another lighting 
equipment manufacturer is developing a large g l as s 
reflector for general illumination which has an improved 
distribution and operates the lamp in a more favorable 
position than the present types. This unit is also being 



Fig. 10 Some Newer Designs oe Light Ornaments of 
French Manufacture Now Being Used in the United 
States 

designed so as to use the 2500-watt PS-52 bulb lamp 
which is now becoming popular where it is desired to 
increase the quantity of light without an increase in 
the number of units. 

Installation Standards 

For several years, illuminating engineers have been 
feeling in an increasing degree the limitation of inade¬ 
quate wiring as an obstacle to the development of good 
lighting practise in commercial and industrial buildings. 

From a study of the problem it was concluded that 
this situation and other problems could best be met 
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by cooperation on the part of central station lighting 
service bureaus with architects. In formulating a 
plan, certain officials of the American Institute of 
Architects were consulted, with gratifying response. 
Therefore, in the Fall of 1928 a committee of the 
National Electric Light Association started in on a 
program of constructive effort. Two courses of instruc¬ 
tion for central station lighting service engineers have 
already been held at which pertinent technical infor¬ 
mation was reviewed. Distinguished architectural 
authorities brought out the architect’s point of view 
and indicated methods of approach. 

A set of model specification paragraphs has been 
prepared, to express the adequacy features of wiring 
so that the illuminating engineer can plan proper light¬ 
ing. The method of specification contains some new 
features which facilitate checking up on the wiring 
construction work. 

A third phase of the program is a plan of advertising, 
to emphasize to architects the importance of good 
lighting and interest them in cooperation with the 
lighting experts of the central station companies. 

Based on experience in Chicago, the Society for 
Electrical Development has adopted a simplified 
method of planning and figuring the lighting installation 
in accordance with present day standards This is 
known as the Franklin Red Seal Lighting Specification, 
the rules being published in pamphlet form, and pro¬ 
vide for all of the ordinary conditions in that field. 

A supplementary section suggests the necessity of 
adequate wiring and recommends wiring corresponding 
to that specified for the N. E. L. A. architectural 
activity. 

EXTERIOR ILLUMINATION 
Street Lighting 

Street lighting practise is progressing slowly but at 
a rate which with a few sporadic exceptions is inade¬ 
quate to meet the rigorous demands of modem high 
speed traffic. The average light output of incandescent 
street series lamps sold during 1928 was 5.8 per cent 
higher than the output of such lamps sold during 1927 
(Report of Lamp (Committee, N. E. L. A.). This is 
one indication of progress since the use of larger lamps 
suggests improved street lighting. Yet it is the general 
testimony of the best informed engineers that a marked 
advance not only in the amount of light produced for 
street lighting, but also in the skilful application of that 


light, is required before street lighting practise may be 
considered to be abreast of modem requirements. 

The outstanding development in street lighting is 
the increasing recognition of the importance of a com¬ 
prehensive street lighting plan prepared in coordination 
with city planning at large and particularly with regard 
to street traffic problems. The practise of classifying 
projected street lighting plans by stating the illumination 
required for streets of different character is also a growing 
tendency which promises a more definite and scientific 
treatment in the future. 

The value of steel tapes on underground cables is 
questioned and several manufacturers have introduced 
cables having no metallic coverings. Others are lead 
encased but have no covering of magnetic material. 
This was brought about due to the increasing tendency 
to use 20-ampere constant current circuits rather than 
circuits operated at 6;6 amperes. 

Occasional Highrintensity Installations. A few not¬ 
able installations of outstanding character which have 
been described during the past year are listed in the 
following table. 

These installations are examples of high-intensity 
street lighting added during the year to the few in¬ 
stances recorded in the 1927 report of this committee. 
They constitute the exception rather than the rule, but 
are examples of successful installations meeting the 
requirements of artificial lighting of important streets. 

Two systems of remote control for street lighting 
circuits utilizing high-frequency carrier-currents super¬ 
imposed upon the low-frequency current in the poor 
conductors have been perfected and put into service 
during the past few years. 

One of these systems employs a control current 
having a frequency of from 35 to 45 kilocycles per 
second generated by vacuum tube oscillators in the 
substation and transmitted over the high-voltage power 
conductors to tuned vacuum tube receivers located at 
the control centers of the various street lighting circuits. 
The receiver is tuned to a single frequency and through 
a time selector relay it opens or closes the street 
lighting circuit, depending upon the duration of the 
impulse sent out from the substation. Installations 
of this system have been made in Schenectady, 
Rochester, and Glens Falls, New York; Bayonne, 
New Jersey; Detroit, Michigan; and San Francisco, 
California. 




Lamps ] 
Lamp 

?er post 
size in. 

Mounting 

height 


Location 

Extent 

Liunene 

Watts 

Spacing 

Los Angeles (Wilshire Blvd.). 

393 posts 

25,000/6,000* 


22 ft. 

28 ft. 

120 ft. apart, either side of street 
8 posts per block 

100 ft. apart in two rows 

OMcago (projected for Wabash Ave.). 

Twin 2000 w. lamps 
Five 1000 w. lamps 

Detroit (Wa<^ngton Blyd«). 

28 posts 

t 


St. Louis 

“Intensifled" areas. 

25,000 to 15,000 
10,000 

26 fc. 

19 ft. 

“Intermediate” areas. 

1 




*Alteniate lamps placed in use respectively before and after midnight. 

tSntire project involves relighting of about 650 miles of streets, xising about 40,000 lighting standards. Installation about 80 per cent completed 
in April, 1929. 
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The second system has been applied particularly to 
the control of multiple street lamps operated from com¬ 
mercial lighting circuits. The control current is 
generated by a two-speed motor-generator set in the 
substation and may have a frequency of either 480 or 
720 cycles per second depending upon whether the 
lamps are to be turned off or on. As in the other 
system, the control current is transmitted over the 
high-voltage power conductors. In this system, how¬ 
ever, there is a receiver in the base of ea<i lamp post 
consisting of two tuned relays which open or close 
respectively a main relay through which the lamp is 
energized. A recent installation of this system of 
control has been made in Boston following an experi¬ 
mental installation in New York. 

In both of the systems described the provision of a 
time-delay element removes the possibility of response 
to lightning or switching surges. Also in both cases 
an interruption of power does not alter the position of 
the main relay controlling the lamps, so that upon the 
restoration of power the lighting circuit is in the same 
condition as before the failure. The advantages of the 
carrier-current method of remote control of street lamps 
arise principally from its use of the power conductors 
themselves for the transmission of the control impulses. 
This feature is said to result in the enhancement of 
reliability (due to the high mechanical and dielectric 
strength of the power conductors), of flexibility (due 
to the possibility of transmitting control impulses 
from a single carrier-current generator over more than 
one feeder to any desired number of receivers located 
at any desired distance from the substation) and 
economy (due to the elimination of separate control 
circuits). 

On the other hand accidental grounds, cross lines, and 
broken conductors on the power circuit will affect the 
transmission of the control energy just as they interfere 
with the transmission of low-frequency power. How¬ 
ever, in the event of failure of power to energize the 
lamps, the lack of control of the lamps does not seem of 
great consequence. 

It is coming to be recognized increasingly that the 
only thoroughly satisfactory solution of the automobile 
headlighting problem is to provide street or highway 
lighting sufficient to permit safe and expeditious transit 
without emplo 3 nnent of powerful far reaching head¬ 
lights, and at least with depressed headlight beams. 
In the case of interurban highways the problem of 
providing flxed lighting is receiving much attention. 
Where needed, enabling acts to permit coimties and 
villages to provide for highway lighting are being 
sought. The problem of providing pole lines for high¬ 
way lighting is, of course, inevitably associated with the 
problem of rural electrification in general. Progress has 
been made in reducing the cost of pole lines. 

In this connection reference may be made to last 
year’s report of this committee in which there'was re¬ 
produced a resolution adopted by the Committee on 


Street Lighting of the Illuminating Engineering Society, 
asserting the practicability of so lighting traffic 
thoroughfares as to permit dimming or depressing of 
headlight beams. Highway lighting units which give 
satisfactory service in such installations are illustrated 
in Pig. 11. Wherever highway lighting employing 
modem types of units is installed in accordance with 
good practise, it is claimed that road capacity is in¬ 
creased, night driving is made more pleasant and safe, 
and property values along the lighted highways are 
enhanced. Good progress in the installation of fixed 
highway lighting is anticipated during the next two or 
three years. 

Traffic Signal Lighting 
In the year 1928 much was done towards standardiza¬ 
tion of traffic signals. The report of the Committee of 
the American Engineering Council on Street Traffic 
Signs, Signals, and Markings was finally completed 
and has been issued in pamphlet form. This report is 
very complete and does a great deal to lead to standard¬ 
ization of traffic signal practises. 



Fig. 11—^Modern Ttpes oe Highway Lighting Units 

In its formative state, this report seemed to favor 
very strongly the two-color traffic signal, but in its final 
form the report recognizes that the two-color signal 
cannot always be substituted for the three-color signals, 
but it does standardize the meanings of its colors. In 
addition to this, it publishes designs of safety signs and 
classifies them, setting aside certain color combinations 
for restriction signs, other combinations for information 
signs, and still other combinations for caution signs, 
all of which will be very helpful if carried out by various 
cities and state highway departments, since the mere 
color of a sign will tell the cautious motorist to expect 
certain information. 

Certain states in the Union are taking the matter of 
traffic signals seriously, with a view to uniformity of 
laws in the several states. The two most notable ex¬ 
amples of this class of legislature are the traffic laws of 
New Jersey and New York. New Jersey law Chapter 
281, Laws of 1928, is a very complete statement of the 
traffic situation, and is almost in complete accord with 
the report of the American Engineering Council. This 
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law was introduced on June 4,1928, and was approved 
on July 14,1928. 

On January 8, 1928, New York State enacted Law 
46,722 and here again this law is in fairly complete 
accord with the report of the American Engineering 
Council. Both of these laws cover not only traffic 
signals but general traffic ordinances, and these two, 
together with the “Model Municipal Traffic Ordinance’’ 
of the National Council on Street and Highway Safety, 
published on August 1,1928, will go a long way toward 
clearing up the traffic situation and forming a back¬ 
ground for various cities and states to enact uniform 
sensible laws. 

Very little change has occurred in traffic signals 
themselves since these had reached a very high state of 
development prior to 1928. During the year, however, 
traffic control apparatus took another step forward in 
that practically all manufacturers developed control 
apparatus for a full coordinated movement of traffic. 
These systems consist of a master timer at Control 
Headquarters and a secondary control at each inter¬ 
section, the master timer acting upon the secondaries to 
control the total period, and the secondaries being ca¬ 
pable of controlling, first, the split in time between north- 
south and east-west traffic; second, the amount of 
offset to give the coordinated movement; third, the 
duration of the amber period following the north and 
south movement; and fourth, the duration of the amber 
period following the east and west movement. 

There was a tendency during the year to push the 
installation of this class of apparatus along thorough¬ 
fares where such timing equipment could be used to 
advantage. It should be borne in mind, however, that 
it is impossible to use the coordinated movement of 
traffic to its full advantage unless the street upon which 
it is installed has sufficient width to permit the uninter¬ 
rupted movement of at least one lane of traffic in each 
direction, the traffic in this lane not to be interfered 
with by street car loading or by a vehicle getting into or 
out of a parking space. Its fullest efficiency is thus 
obtainable only on streets from 60 ft. to 100 ft. wide, or 
upon narrower streets where there are no street cars or 
no parking. 

Sync^onous motor control apparatus also reached a 
fairly high state of development during the year 1928, 
the control apparatus becoming much more reliable,' 
and it can now be installed with the reasonable assur¬ 
ance that the timera will keep fairly close in step. 
Su(ffi timers are in the main limited to a single total 
period; they have the advantage that it is possible to 
install a system using these timers without intercon¬ 
necting wires, but it is necessary either to let them run 
all night or shut them down individually. Such control 
apparatus finds its best use in smaller cities and along 
highways connecting the cities with outlying points 
where it is highly advisable to permit signals to operate 
twenty-four hours a day. 

There was a marked tendency during the year 1928 


for the use of curb mounted signals rather than signals 
installed in the roadway or suspended over the center of 
the roadway, the most popular signal being the one-way 
signal mounted on the far right corner. In highly con¬ 
gested areas where double signal indication is advisable, 
the use of two-way signals with faces 90 deg. apart 
on the far right comer of the intersection was found 
to be advantageous. 

Portable Flasher. There is being brought out a por¬ 
table electric flasher designed primarily for traffic 
warnings where kerosene lanterns have been exten¬ 
sively used. It has, however, many other possible 
uses in connection with both land and water traffic. 
Although the initial cost of the beacon is considerably 
more than that of an oil lantern, its maintenance cost is 



Fig. 12—PortabijB Flasher for Danger Signals 

SO much less that in the long run it provides the most 
economical warning signal. It is estimated that the 
cost of maintaining an oil lantern is approximately 
$50.00 per year, per lantern, where quantities of lan¬ 
terns are used almost every night and where each 
lantern must have daily attention for filling, cleaning, 
etc. The new flasher on the other hand, where one set 
of batteries will last approximately two months on a 
basis of continuous burning, will have a maintenance 
cost of approximately $10.00 per year. 

In addition to this very considerable advantage in 
maintenance cost, the portable flasher (Fig. 12) has the 
distinct advantage of the flashing feature, which cannot 
be obtained with oil lanterns. Traffic and railway 
authorities agree that a flashing signal is a much better 
warning beacon than a steady burning light. The weight 
including batteries is only 16)4 lb., which makes it 
readily portable. 

This device requires four standard 6-in. dry cells and 
a 6-volt., 0.15-ampere lamp. An extra 6-volt lamp is 
mounted inside the battery housing. The flashover is 
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of rugged construction throughout and entirely weather¬ 
proof. 

Automobile Headlighting, Committees of the Illu¬ 
minating Engineering Society and the Society of Auto¬ 
motive Engineers have been active during the past year 
considering such subjects as Specifications for Head¬ 
lamp Mountings, Specifications for the Test of Rear and 
Signal Lamps, and Comments on the Existing Specifica¬ 
tions for test of Headlamps of the dual beam type. 

The outstanding achievement during the past year in 
motor car lighting has been the adoption of fixed focus 
construction for headlamps. Various investigations 
have shown that the principal cause of glaring lights 
has been improper focusing of the lamps. The average 
car operator understands fairly well how to aim the 
beams so as to throw the light down onto the road 
but it seems almost impossible to explain satisfactorily 
the operation of focusing. With the widespread use of 
the fixed focus type of headlamp only the aiming opera¬ 
tion remains and it is believed that the average car 
owner will be able to do this reasonably well. This 
tjTpe of equipment is standard on two very large 
production cars and it will be of interest to note just 
how great a contribution this type equipment will make 
towards the reduction of troublesome glare. 

In connection with the enforcement activities looking 
to a better adjustment of headlamps, several states have 
earned on “Save A Life Campaigns.’’ These cam¬ 
paigns were inaugurated by a proclamation issued by 
the Governor of the state designating a certain period 
of thirty days for the campaign and requesting the co¬ 
operation of all motorists. Official inspection stations 
were appointed and in addition to the adjustment and 
checking of lights, such items as brakes, horns, mirrors, 
and steering gear were also included. It is the general 
opinion that these *^Save A Life Campaigns” have been 
very successful in encouraging motorists to keep their 
cars in better operating condition. 

Sign Lighting 

The two schools of Electrical Advertising sponsored 
by the National Electric Light Association in the 
Spring of 1928 were so successful that it was decided 
to try out local schools in the geographic divisions. 
Three of these schools have already been held. New 
England Division in Boston, Mass., Great Lakes 
Division in Chicago, Ill., and East Central Division in 
Cincinnati, Ohio. Others are planned for the Fall. 

The Society for Electrical Development, Electrical 
Advertising Section, is bringing out a Plan Book sug¬ 
gesting methods by which public utilities can stimulate 
electrical advertising. 

The new S-11 sign lamp, supplied in colors and with 
the intermediate screw base, has been used in some 
excellent, small spectacular signs where motion and 
color are featured. 

There are several new installations of the so-called 
“Talking Signs” and one of these was erected for a large 


newspaper so the current news could be given out as 
received. 

A smaller sign of this same general type has been 
developed with gas filled miniature lamps. The mes¬ 
sage travels across a bank of lamps and this effect is 
produced by a belt carrying the message punched in it 
and passing over contacts in the bottom of a mercury 
bath. 

Still another small sign using miniature lamps has 
been brought out. This consists of a face with a mul¬ 
tiplicity of equally spaced openings. The sockets to 
hold the lamps have two prongs each which can be 
inserted in the openings and are held by spring con¬ 
tacts. Any message or picture desired can be built up 
in this way. 

Gaseous tube signs are being sold in quantities and 
quite a number of combined lamp and tube signs have 
gone in. Some of the most effective of these are painted 



Fig. 13 Street Lighting Standards Equipped with Special 
Reflectors to Direct the Light towards the Buildings 

bulletins. The letters may be of tubes, borders of 
lamps, with angle reflector lighting added if desired. 
Naturally, a combination sign of this kind has many 
advantages among which is a better power factor than 
for the tube alone. 

Lighting op Building Exteriors 

Floodlighting is being used more extensively to bring 
out the architectural beauty of offices and public build¬ 
ings at night. In the larger cities new buildings are 
generally erected with step back construction at the 
higher levels and these offsets make the use of flood¬ 
lighting particularly effective. 

Architects are also showing a greater appreciation of 
the value of floodlighting with the result that in some 
instances the exterior lighting of the buildings is con¬ 
sidered at the time the designs for the building are made. 
Colored lighting is receiving more attention, and the 
combination of color and motion in what has been called 
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mobile color lighting is unfolding new possibilities for 
attractive night displays in building decoration. There 
is a very decided trend toward the use of colored lighting 
either with or without motion as this tj^e of lighting 
has much greater possibilities than the use of plain 
whitelight. 

Floodlighting of buildings not exceeding 100 ft. in 
height is frequently being done by means of combina¬ 
tion street lighting standards that are equipped with 
special reflectors to direct the light towards the build¬ 
ings. (Fig. 13) The ornamental standards are mounted 
at the curb, and generally use a 1000-watt lamp 



Pig. 14—Stheet Lighting Standards Equipped with Two 
Lanterns in Order to Satisfactorily Light Large Buildings 

for floodlighting the building, and a 200-watt or 300- 
watt lamp to light the interior of the lantern and to aid 
in lighting the lowest portions of the building. In 
general, this type of lighting produces satisfactory 
resets where the standards are spaced not to exceed 
tmce the width of the sidewalk, measured from building 
line to curb. For large buildings it is at times found 
advisable to place two lanterns on one standard in order 
to obtain a satisfactory amount of light on the buildings. 
(Fig. 14) 

This method of floodlighting is being very extensively 
used, one Central Station Company alone, the Public 
Service Electric and Gas Company of New Jersey, 
having put in service 30 installations of this type during 
the past year. Among outstanding floodlighting jobs 
the following are noteworthy: 

New Jersey Bell Telephone Company Building at 
New^k, N. J.; the upper floors and set-backs of this 
building are floodlighted in white, amber, and red color. 
The installation has a connected load of 51 kw. and 
presents a very striking appearance at night. (Fig. 15) 
In Brooklyn, New York, the E. R. Squibb Buflding 
changed over its floodlighting from white light to colored 
light; in the same dty, the new building of the 
Williamsburg Savings Bank has a floodlighted dome 
and TKes neon tubes in conjunction wnth the regular 
floodlighting, the total connected load being about 100 
kw. The upper ten floors of the Rand Building at 


Buffalo are floodlighted in red, blue, and white lights 
with a connected load of 144 kw. 

Other notable installations are the New York Central 
Building, New York City, the Fisher Building, Detroit, 
Cleveland Union Terminal Building, Cleveland, the 
Chanin Tower Building, New York City, the City Hall, 
New York City, and the J. H. McClutchey Building, 
Philadelphia. 

Lighting op Railroad Yards 

The importance of floodlighting railroad yards is 
reflected in the increased use of this system during the 
past year. Sixteen-inch projectors each equipped with 
a 1000-watt 115-volt, floodlight lamp mounted in 
banks on towers averaging 75 ft. in height have been 
used in the majority of installations. Both the unit- 
directional and parallel opposing systems are used, 
the method employed depending on local conditions 
and the opinion of the designer regarding its satisfactory 
application. 

The Committee on Illumination of the Association of 
Railway Electrical Engineers initiated a study of the 
photometry of floodlight projectors, but this investiga¬ 
tion has been turned over to a sub-committee of the 
Lighting Service Committee of the Illuminating Engi¬ 
neering Society and National Electrical Lighting Asso- 



Pig. 16—^New Jersey Bell Telephone Company Building 
AT Newark, N. J. The Upper Floors and Setbacks of this 
Building are Floodlighted in White, Amber, and Red Color 

ciation. This subcommittee has continued its studies, 
making a few revisions and additions to the recom¬ 
mended procedure in photometry. 

Lighting for Aviation 

Beacons and course lights have been installed on 
approximately 9000 miles of the national airways by 
the U. S. Department of Commerce and about 2000 
additional miles will be lighted by the end of June, 1929. 
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Where course lights are mounted on beacon towers, 
they are equipped with a red color screen when no 
landing field is near by and with an amber color screen 
when a suitable landing area is in the vicinity. 

The Airway Marking Committee appointed by the 
U. S. Department of Commerce to study and standard¬ 
ize a system of national airway marking for the guidance 
of fliers has recently made public its report. In ad¬ 
dition to prescribing definite sizes of letters, figures, and 
symbols for roof signs, recommendation was made 
that they be illuminated to an intensity of 10 foot- 
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Pia. 16 —^Night View op Hangah at Newark Metropolitan 
Airport Lighted by a System op 200-Watt Mazda Lamps 
IN R. L. M. Standard Dome Reflectors and Standard 
Angle Reflectors 

candles and preferably 15 foot-candles for adequate 
visibility at night. For exposed lamp signs, the wattage 
and color of lamps, together with suitable spacing, 
were listed according to the size of the sign. (Pig. 16) 

Private aeronautical revolving beacons not legally 
listed on airway routes must be certified by the U. S. 
Department of Commerce, which also requires that a 
stationary projector be installed near the beacon with 
its beam of light pointing toward the nearest airport. 
This projector must provide a beam divergence not 
exceeding 6 deg. and a maximum candlepower of two 
million. A 24-in. searchlight projector with a 1000- 
watt, 116-volt T-20 bulb airway beacon lamp will usually 
meet the requirements. 

There has been much activity in the past year 
equipping airports for night flying with a view to ob¬ 
taining an “A.” rating from the U. S. Department of 
Commerce, which has issued Aeronautics Bulletin 
No. 16 explaining the requirements in detail. It is 
particularly interesting to note that high intensity 
incandescent lamps, such as 1.5-, 3-, 5-, and 10-kw. 
Mazda lamps have been used as light sources for field 
illumination in the great majority of installations. 
Such installations are usually provided with remote 
control switches, peimitting the location of floodlights 
at a suitable distance from the point of control. The 
1.5- and 3-kw. 32-volt lamps are generally used in 


projectors of the 24 in. size and the 5- and 10-kw. 115- 
volt lamps are more often employed in the dioptric 
lens unit. (Fig. 17) 

The U. S. Department of Commerce has suggested 
the use of an auxiliary green flashing beacon at airports 
to assist in the identification at night. The details on 
a satisfactory 5000-cp. unit which will be visible in 
the upper hemisphere have not yet been completed. 
The rapid development in the construction of super¬ 
airplane for carrying passengers has brought about an 
improvement in cabin lighting which is decorative. 
Candelabra fixtures with amber coated lamps are 
mounted one beside each seat in the cabin. Small 
enclosing domes are also mounted on the ceiling above 
each row of seats. Several types of fixed and retract¬ 
able airplane headlights used for emergency landings at 
night have been developed during the past year. Most 
of these headlights, which are usually equipped with a 
9-in. reflector, employ the standard 420-watt 12-volt 
headlight lamp. 

The retractable headlight may be operated on the 
retracted position with beam pointing downward for 
pick-up and can also be used in any intermediate 
position to forward, where it is usually held when contact 
is made with the ground. The fixed headlights are 
usually stream lights in the wings to reduce air resis¬ 
tance. A smaller headlight with a 6-in. reflector has 
recently been developed using a 100-watt 12-volt 
A-19 bulb lamp with intermediate profocused base. 



Fig. 17—^Night View op Landing Area at Newark Metro¬ 
politan Airport Illuminated by 3000-Watt, 32-Volt Mazda 
Lamps in 24-In. Airport Floodlight Projectors 

The subject of airplane headlighting is being studied 
by a committee of the Society of Automotive Engineers. 

Lighting for Night Recreation 
, Under the conditions imposed by the busy American 
life, it becomes more and more necessary to seek recre¬ 
ation and exercise after the close of the regular business 
day, which usually means during hours of natural 
darkness. Coupled with this condition is the fact that 
many sports are more pleasant in the cooler evening 
hours and since night lighting becomes increasingly 
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perfected and less expensive, there has quite naturally 
been a large increase in the applications of illuminants 
for night recreation. 

Night tennis has been proved to be perfectly feasible 
and in prolonging the usage of a tennis court, the 
investment in lighting equipment is much less than the 
investment in one or several additional courts. Large 
metal reflectors, now made more highly efiicient and 
more resistant to the elements with the advent of 
chromium plating, can be suspended at a sufficient 
height to eliminate glare and to provide on the order of 
30 to 50 footcandles over the playing area. A typical 
tennis court represents a load of approximately 450 
kw-hr. per month and from the revenue standpoint, is 
equivalent to the lighting of ten average homes.. 

The lighting of golf putting greens has been some¬ 
what extended during the past year and at least one 
case is on record of the complete illumination of a 
section of a golf course for practise driving. During 
the football season, several large universities, particu¬ 
larly in the south, played night games successfully, 
while night baseball, although not yet entirely practical, 
is being played on at least one illuminated diamond. 
Hundreds of outdoor bowling greens and similar amuse¬ 
ment areas are successfully lighted, while the past 
mnter saw a number of well illuminated outdoor skating 
rinks and toboggan slides. 

Dimng last summer, night swimming in both outdoor 
and indoor pools grew in popularity coincident with 
practical development of a suitable sealed projector 
available for mounting beneath the water surface,—a 
practise which adds greatly to the beauty of the pool 
and, in a large measure, guards against the possi¬ 
bility of accidents or water pollution. Recreation 
parks now depend to a greater extent than ever on 
the night lighting decorations. The inside colored 
lamps and the addition of the 10-watt S-11 bulb sign 
lanap have been valuable incentives in this application. 
Unique figures, color combinations, and maps effects 
of low wattage lamps are taking the place of plaster 
and wood ornaments and colored paintings. 

The floodlighting of ocean beaches has developed, 
this application being quite similar to the floodlighting 
of airplane landing flelds and using the same apparatus. 

In these cases there has been considerable employment 
of the 5- and 10-kw. 115-volt Mazda lamps in both drum 
projectors and Fresnel lens units. Of more recent date, 
the 13 ^- and 3-kw. 32-volt lamps have come into ex¬ 
tensive use in similar units. Colored floodlighting of 
trees and shrubs, of fountains and waterfalls, and 
^e use of colored miniature lamps of the Christmas 
tree type m beds of flowers, have all added to the usage 
and popularity of parks and gardens. 

Decorative lighting at Christmas time continues to 
grow and during the past winter, a nation-wide contest 
sponsored by the Society for Electrical Development 
brought forth many remarkable installations. The 
10-watt multiple Christmas tree lamp and strings of 


sockets therefore began to come into quite universal 
usage for outdoor Christmas decorations. Considering 
both series and multiple lamps, there were more than 
45,000,000 lamp bulbs used in 1928, equivalent to 
some 9,500,000 40-watt lamps ,—a greater lighting 
load than the entire American output of electric lamps 
only a few years ago. Activities are under way to 
extend the possibilities of Christmas decorative light¬ 
ing to other festival occasions and other seasonal 
celebrations. 

Lighting op Bridges and Tunnels 
Since the opening of the Holland (Hudson River) 
Vehicular Tunnel, a new standard for the lighting of 
under^ound vehicular passageway has been established 
which is being followed by several similar installations, 
notably the Zion-Mount Carmel Tunnel in Utah and 
the Detroit Vehicular Tunnel between that city and 
Windsor. An item of interest may be recorded, namely, 
that higher intensities of roadway illumination without 
glare very materially speeds up the traflic and quite 
directly returns a greater revenue from the investments 
in the complete structure. This same fact is now recog¬ 
nized in connection with bridge traffic and it has been 
quite well recognized that bridge lighting should be 
on the order of two to three times the intensity of the 
connecting highways. The floodlighting of bridge 
structures, especially the approaches thereto, has 
resulted in considerable beautification of water fronts 
and incidentally afforded more safety to aviation pilots. 

Although not of the man-made variety, the lighting 
of the famous Natural Bridge of Virginia in mobile 
color has made this one of the notable bits of night 
scenery in America. Such applications point the way 
to the possibilities of making such natural wonders 
more beautiful by night than by day and more avail¬ 
able for enjoyment by the average tourist, who prefers 
to travel during the sunlight hours and stop for rest 
and recreation during the evening. 

Underwater Lighting 

Considerable interest has been displayed in the ap¬ 
plication of electric incandescent lamps to under water 
illumination. The 1000-watt 115-volt G-40 bulb 
special diving lamp which is self-contained and designed 
to be operated directly immersed in the water is 
standard equipment for all capital ships in the U. S. 
Navy. 

^ Luminous fountains have been constructed with 
light projectors mounted beneath water-tight glass 
plates or with separate water-tight self-contained 
projectors located in the water or at the base of the 
fountain jets. 

Swimming pools in which the water is the sphere of 
activity but which have never been properly illuminated 
due to the reflection of light from the surface, have been 
illuminated in large numbers by means of lights located 
in the pool wall beneath the water line. Various t 3 q)es 
of equipment are now available, some consisting of 
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lamps mounted behind glass plates, others being 
water-tight metal units moulded in the pool wall, and 
still others (Fig. 18) being water-tight self-contained 
units operating completely surrounded by water but 
located generally in niches prepared for them in the 
pool wall. 

The underwater lighting of swimming pools is of 
interest because it improves the cleanliness and in¬ 
creases the safety, and, in general, promotes interest in 
swimming. In outdoor pools, it is almost compulsory 
because there is practically no other way to illuminate 



Pig. 18—^Underwater Lighting of the Swimming Pood 
AT Hart House, University op Toronto. Lighted with 
20-Aqualux 400-Watt Units 

the pool without using more or less unsightly ap¬ 
paratus overhead. 

Fig. 19 shows one of the newest pieces of equipment 
for underwater lighting service. It is a universal 
feture suitable for many types of service and may be 
installed in many different ways. 

ULTRAVIOLET RADIATION 

As mentioned under ""Production of Light’" there has 
been considerable activity in the field of sources and 
applications of ultraviolet radiation. Many units 
employing either mercury or carbon arcs have been 
placed on the general market. It is too early to state 
definitely the exact status of the value of these various 
units, but it appears that when properly handled they 
will give beneficial results similar to those obtained from 
sunlight under comparable conditions. 

One of the better grade arc lamps employs a screen 
of Corex D, transmitting between 50 per cent and 66 
per cent of the ultraviolet light of wavelength 0.302 mi. 
This lamp generally employs a therapeutic A carbon for 
home use but is capable of using therapeutic C carbons 
giving less visible radiation, but having considerable 
intensity in the shorter wavelengths. 

A great deal of work is under way in the field of 
development of filters and methods of using the radia¬ 
tion as a preventive as well as a curative method. 


Photography and Photo-Chemical Processes 

The extraordinary progress during 1928 in methods 
of reproducing sound in conjunction with motion pic¬ 
tures has been made possible in no small degree by 
improvements in the design of photoelectric cells. 
Method of recording sound may be classified in two 
types according as they produce (a) variable density 
records consisting of bands of different density (or 
blackness) and constant width, and (b) variable area 
records of constant density known as ""saw-tooth” 
records. All photographic sound recording methods 
use the photoelectric cell for reproduction of the sound. 

The fundamental principles underlying the photo¬ 
graphic methods of sound recording may be stated as 
follows; Electrical impulses produced by the micro' 
phone are converted into light modulations either by 
means of a glow lamp or with a constant light source in 
conjunction with a light valve or a Kerr cell. The 
modulations ^e recorded inside the perforation area 
alongside of either the same film on which the negative 
picture is recorded or else on a separate film. On the 
positive print used for projection in the theater the 
sound record appears along one side of the picture area. 
To reproduce the sound, light .from a concentrated 
filament lamp is projected through the film on to a 
photoelectric cell. The electrical currents set up by the 
cell are amplified and led into a loud speaker. 

The methods of recording sound have resulted in the 
introduction of motion picture films having sensitive 



Fig. 19—^Wbstinghousb Underwater Projector with 30 
Dbg, Horizontal Spread Lens and 250-Watt G-30 Flood¬ 
light Lamp 

emulsions particularly adapted to the specific type of 
sound records. A precise developing technic is also 
necessary for the processing of sound films with vari¬ 
able density records. 

A very thin motion picture film called Ozaphane film 
is being produced commercially in Europe. It consists 
of a light-sensitive diazo compound incorporated in a 
viscose layer. In addition to the diazo compound a 
coupling agent and a weak organic acid are present. 
The acid prevents the formation of a dye by the action 
of the coupling agent on the diazo compound, but if the 
acid is neutralized by treating the film with ammonia 
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gas, the dye is formed. Light decomposes the diazo 
compound so that no dye is formed and the acid is 
later neutralized. Positive images may therefore be 
produced directly by this process. The film is much less 
sensitive to light than the usual silver halide emulsions 
and therefore requires longer exposures. 

INTERNATIONAL COMMISSION ON 
ILLUMINATION 

The last year was a very important one for the U. S. 
National Committee, inasmuch as the American meet¬ 
ing of the International Commission on Illumination 
was held then. The committee was fortunate in en¬ 
listing the good offices of the Illuminating Engineering 
Society in making arrangements for this meeting. The 
meeting was attended by about sixty delegates from 
twelve different nations and was held in Saranac Inn, 
New York, September 22-28 inclusive. 

Subsequent to the meeting, the delegates were taken 
on a tour which included New York, Boston, Philadel¬ 
phia, Cleveland, Detroit, Chicago, Niagara Falls, con¬ 
cluding at Toronto where the delegates attended the 
annual convention of the Illuminating Engineering 
Society. 

The commission has some fifteen technical commit¬ 
tees, all of which met at Saranac Inn and considered 
recommendations and reports from the various national 
committees with a view to formulating recommenda¬ 
tions for adoption by the Commission. 

The technical papers at this meeting covered a very 
wide variety of subjects, the practical details of lighting 
practise receiving a very large amount of attention. 
Discussions of street lighting, automobile headlighting, 
factory and school lighting, residence lighting, aviation 
field lighting, show window lighting, were of a very 
thorough-going and valuable character and were inter¬ 
spersed with other discussions of more specialized topics 
of interest to the photometrists, etc. To the other 
technical committees for which the United States 
National Committee exercises the secretariat were 
added two new ones, viz,, the Technical Committee on 
Lighting for Aerial Navigation and the Technical 
Committee on General Practical Applications of 
Illumination. 

The proceedings of the meeting which are now being 
printed will make a volume of upward of 1500 pages and 
constitute a very notable summary of the present state 
of the art and science of illumination as it exists not 
only in this country but throughout the world. 

The next meeting of the Commission is to be held in 
1931 in England. 


The committee wishes to acknowledge the coopera¬ 
tion of the following men not members of the committee: 
E. W. Beggs, H. S. Broadbent, R. E. Carlson, R. W. 
Cost, C. Dick, S. G. Hibben, H. C. Rentschler, Geo. H. 
St. John, and R. L. Zabour of the Westinghouse Lamp 
Company; R. E. Parnham and James M. Ketch of the 
National Lamp Works of the General Electric Com¬ 
pany; A. L. Broe, E. B. Fox, A. L. Powell, and G. F. 
Prideaux of the Edison Lamp Works of the General 
Electric Company; C. A. B. Halvorson of the General 
Electric Company, West Lynn, Mass.; H. P. Gage, of 
the Coming Glass Works; Loyd A. Jones of the East¬ 
man Kodak Company; K. W. Mackall of the Crouse- 
Hinds Company; R. D. Mailey of the Cooper Hewitt 
Electric Company; S. R. McCandless of the School of 
Fine Arts, Yale University; and C. H. Sharp of the 
Electrical Testing Laboratories. 


Discussion 

P. C. Caldwell: One part of this report deals with the light¬ 
ing of building fronts. The importance of this is due to the 1‘aet 
that in a inodern well-lighted business street mxich more light is 
used than is needed for safety in traffic, and the additional elec¬ 
tric power is jxxstified in order to increase the attractiveness of 
the street. It has been well established that the best way to do 
this is to increase the illumination on the building fronts, thereby 
lighting up the whole street rather than only the pavement. 

In this connection the use of asymmetric refractors designed 
to throw the light on the buildings across the street may be men¬ 
tioned. With the ordinary symmetrical lighting unit, there is a 
bright spot on the budding adjacent to the lamp, and opposite 
the lamp, and then comparatively low illumination up to the next 
unit. What is needed is a fairly uniform illumination. If a re¬ 
fractor is used which takes some of the extra light that is thrown 
on the building adjacent to the lamp, and throws it across the 
street on to the buildings on the other side, better results are 
obtained. 

This report gives little consideration to the enormous increase 
in the use of the gaseous tube signs. This is certainly one of the 
notable features of the past year and perhaps should have some¬ 
what more emphasis than is given here. 

L. Al. Diiryea. In Southern California, we find universal 
use of neon tubes for sign lighting. When we compare this with 
New England, where there is comparatively smaller use of neon, 
we wonder if there isn’t a very direct relationship between the use 
of neon tubes and climatic conditions. When neon tube lighting 
can be made to withstand severe climates, and when static con¬ 
densers are installed across the terminals of the high-voltage 
transformers inside the signs, by the manufacturers, to aid in the 
important power-factor problem of these signs, then possibly the 
use of neon tubes in the East will become as universal as it now is 
in the West. Until these things are done, it is evident that the 
use of neon in the East will be greatly retarded. The incandes¬ 
cent lamp signs will continue to offer very keen competition in 
spite of the greater novelty and better advertising value of neon- 
tube display. 



Applications to Marine Work 

ANNUAL REPORT OF COMMITTEE ON APPLICATIONS TO MARINE WORK* 


To the Board of Directors: 

The activities of the Committee on Applications to 
Marine Work this year were devoted chiefly to the 
consideration of future revisions in the Marine Stand¬ 
ards (A. I. E. E. Standard No. 45) and in further efforts 
to induce the U. S. Steamboat Inspection Service to 
arrange for proper recognition and classification of the 
electrical engineer on shipboard. Owing to the few 
active matters for consideration by the committee, and 
the unusual activity in new marine construction placing 
a large demand upon the time of most of the committee, 
the meetings of the committee were curtailed. 

For certain reasons not pertinent to this report, the 
committee’s progress with the U. S. Steamboat In¬ 
spection Service has been extremely slow, even though 
the committee has done considerable constructive work 
to assist in bringing about a solution. Apparently, 
certain obstacles have been encountered which will 
have to be economically dispensed with if our efforts 
are to succeed; however, the committee is hopeful of a 
final solution which will obtain for the electrical engi¬ 
neer the recognition and classification which he deserves. 
It is recommended that the committee pursue this 
activity with unceasing efforts and possibly through 
other channels. 


♦COMMITTEE ON APPLICATIONS TO MARINE WORK: 
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Wm. H. Reed, 
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H. M. Southgate, 
Oscar A. Wilde, 

J. L. Wilson, 

R. L, Witham. 


Presented at the Summer Convention of the A. I. E. SwamjH 
scoit^ Mass.^ June 1929. 


The past year has seen the following major marine 
activities in which electricity has contributed its full 
share: 

1. The placing in service of five turbine electric 
drive U. S. coast guard cutters. These ships use the 
dual-drive system for the auxiliaries. 

2. The placing in service of the 18,000-ship hp. 
twin screw turbine electric drive passenger vessel, S. S. 
Virginia, a sister ship to the S. S. California. 

3. The construction of a third 18,000-ship hp. 
turbine electric drive passenger vessel, S. S. PennsyU 
vania, a sister ship to the Virginia and the S. S. 
California. 

4. The construction of two 14,600-ship hp. twin 
screw turbine electric drive vessels for the Ward Line. 

5. The construction of a 12,600-ship hp. twin 
screw turbine electric drive vessel for the Grace Line. 

6. The placing in service of three 4000-ship hp. 
single screw Diesel electric drive cargo ships: M. S. 
Courageous, M. S. Triumph, and M. S. Defiance by the 
U. S. Shipping Board. 

7. Several smaller craft utilizing Diesel electric 
drive. 

The results of the Jones-White Act are already being 
felt by the marine industry. A few large ships taking 
advantage of the provisions of this Act are in the course 
of construction and contracts for several large vessels 
are pending, most of which will probably employ 
turbine electric drive. 

The use of electric auxiliary machinery is established, 
and in most cases the auxiliaries throughout the ship 
are driven electrically. 
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Applications to Mining Work 

ANNUAL REPORT OF COMMITTEE ON APPLICATIONS TO MINING WORK* 


To the Board of Directors: 

In the past many criticisms have been made against 
the mining industry as being backward in modem 
developments. Certainly such criticisms are no longer 
justified to the same extent as a decade or two ago. 

During the past year there have been many develop¬ 
ments of electrical apparatus for mining work and the 
operators have not disregarded the applications offered. 
In fact, the operators have sought relief in every possible 
way to reduce operating costs. Overdevelopment 
during the war has not been absorbed by increased 
consumption of coal. This is largely due to rapid 
improvement in efficiency in large electric power plants, 
electrical interconnection, and in improved railroad 
performance. 

Metal mines have been similarly affected from over¬ 
development and lack of increased demands. 

It is generaly predicted that both coal and metal 
mining are entering a new era of development. Further 
mechanization is considered as a solution to the problem 
of cost reduction. Mechanization implies further 
electrical application to all types of mining equipment. 

A few years ago there was considerable discussion 
on superpower systems. Without a great deal of 
publicity these superpower systems have developed 
until now practically every industrial and mining field 
is served from high-voltage interconnected lines re¬ 
ceiving energy from large efficient power plants. Thus 
it is logical that the major part of the further electrifi¬ 
cation and mechanization of mines will be served from 
the electric utilities. 

Hoists. Due to high cost of equipping shaft mines 
with electric hoists the change over from steam to 
electric is slow. One such change over a medium 
capacity mine is worthy of note, not for its size but for 
the rapid cycle. A 750-kw. synchronous motor-gen¬ 
erator set supplies an 850-hp., 116-rev. per min. motor 
through Ward Leonard control.^ 

The hoist operates in balance and is designed for 
230 trips per hour from a depth of 282 ft., with a maxi¬ 
mum rope speed of 3300 ft. per min. The cycle 
allows for 5 sec. acceleration, 1.65 sec. full-speed run- 
ning, 5 sec. retardation, 4 sec. caging. Actual per- 

♦COMMITTEE ON APPLICATIONS TO MININO WORK: 

Oarl Lee, Ohainnan. 

^ R. Anderson, G. M. Kennedy. P. O. Nicholson, 

P, N. Bosson, R. L. Kingsland, W. P. Schwedes, 

Graham Bright, A. B. Kiser, P. L. Stone, 

M. M. Fowler, W. H. Lesser, B. B. Wa,gner 

B. J. GeaJy, John A. Malady, J. p. Wlggert,' 

L. O. Ilsley, C. H. Matthews, O. D. Woodw^d. 

1. Equipment furnished by General Electric Co. and in- 
staUed at Peabody Coal Co., Mine 53, Springfield, Ill. 

Presented at the Summer Convention of the A. I. E. E., Swamp- 
scoU, Mass., June 24-28,1929. 


formance of 258 trips per hour has been attained by 
reducing the caging or stop period to two sections. 

The motor-generator set is remote controlled from 
the operator’s platform. No auxiliary hoist motor is 
provided. The hoist is controlled through master 
controller and time limit relays for both acceleration and 
retardation. 

In the mountain mines, a-c. motors have been applied 
for control and regenerative braking to control heavy 
descending loads previously handled by large drums 
and mechanical brakes. The power saving is ap¬ 
preciable and safety of control is valuable. 

Farts. Synchronous motor drives for fans have been 
applied in sizes up to 500 hp.^ Increased efficiency 
and improved power factor are accomplished. 

Continued applications of automatic starters for 
fan motors have proved desirable to reduce to a 
minimum the delay in the restarting of fans after power 
interruption. 

Motor-Generator Sets. Automatic substations for 
motor-generator sets have increased in number both 
to save in labor of attendance and to provide better 
service for supply of direct current to remote load 
centers. 

Automatic power-factor control on synchronous 
motors has been accomplished on several sets. 

Cleaning Plants. With the mechanical loading of coal 
being accomplished and with more discriminating buyers 
of coal, the industry has turned to mechanical cleaning. 
Several large bituminous coal cleaning plants were 
completed during the year.^ Thus, the soft coal in¬ 
dustry is approaching the practise of the anthracite 
breakers. These wet washing plants use around 150 
motors of various sizes, aggregating some 1200 hp. 
connected load. Texropes or V-shaped multiple belts, 
permit of standard motors in most applications to 
secure proper speed reduction in short space. Three 
such plants on one public utility service add a very 
desirable day load. 

Shovels. In metal mining the 3-, 4-, and 6-yard 
electric shovels using shunt motors and Ward Leonard 
control continue to be installed to effect economies. 

Additional 15-yard stripping shovels, weighing 1550 
tons, and carrying motor-generator sets with 1600-hp. 
synchronous motors continue to be installed.'* 

Improved rubber covering for trailing cables has made 
these safer and more dependable. They 'usually carry 
4000 volts, three-phase with a fourth wire for ground. 
Occasionally when blasting, these cables are damaged. 
Field vulcanizing has been perfected so that the outer 
covering is repaired so well that it will stand up through 

2. Installed at Chicago, Wilmington, and FranMin New 
Osient mine. West Frankfort, HI. 
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water and oil the same as the original cable, thus saving 
a great deal on replacement costs. 

Shbshers. Metal mines have almost completely 
adopted motor-driven underground slusher machines to 
replace air driven machines. 

Locomotives. One manufacturer has developed roller 
bearing application to motor support on axles to main¬ 
tain the gears in exactly correct mesh.® Experience 
in the field has not yet proved whether this will be ac¬ 
ceptable practise. 

Heavy service due either to large locomotives or 
very frequent travel of locomotives has led a number of 
mines to go to 6/0 trolley wire instead of 4/0. 

Mining Machines. The manufacturers of mining 
machines have brought out improved track mounted 
cutters (Fig. 1). These can be built to cut at any height 
in the coal seam that is required. These machines consist 
essentially of a heavy frame mounted on trucks contain¬ 
ing traction motor and a swinging section pivoted at the 



Fig. 1—Track Mounted Bottom Cutter 


front end of frame. This section carries the motor 
gearing, raising, lowering, and tilting mechanism, and 
the cutter bar and chain proper. The advantage of this 
tsnpe cutting machine over the breast machine and 
short-wall machine is that no unloading or loading of 
cutting machine proper is required. This feature 
elminates most of the manual labor, and through higher 
power and saving of time enables the operator to practi¬ 
cally double his productivity. One make of machine is 
equipped with a drill so that the same crew can drill 
for the blasting.® 

In cutters for coal seams less than 30 in. high; it is 
difficult to place all controls convenient to the operator. 
One manufacturer has partially overcome this by 
applying contactor control to the machine. This 
control is of the “permissible*’ type construction, having 

3. Pittsburgh Coal Co., Pittsburgh, Pa. 

4. The United Eleotrio Coal Co. at DuQuoin, Ill. 

6. Jeffrey Manufacturing Co, 

(5. Sullivan Machinery Co. 


been worked out to meet the tests of the Bureau of 
Mines.® 

A recently developed machine is the hitch cutter.’^ 
This is a very special type drill to cut hitches in sides 
of rooms of coal mines to enable timbering to be carried 
to the face without interfering with cutting and loading 
machines This should materially reduce accidents at 
the coal face. 

Loading Machines. One type of loading machine 
usually called pit car loader has been extensively in- 



PiG. 2 —^Pit-Car Loader 



Fig. 3—^Tank Tread Loader 

stalled (Fig. 2). Approximately 2000 have been placed 
in service. They consist of short drag type conveyor 
driven by to 7^-hp. motor. In this machine coal 
is shoveled onto the loader which discharges into mine 
car. 

Full mechanical loaders of several types have been 
improved and are coming into more general use (Fig. 3). 
These vary in design, using from one to eleven motors. 


7. Goodman Manufacturing Co. 
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having from 15 to over 100 connected horsepower. 
Reports indicate that approximately 3 per cent, of the 
soft coal mined in 1927 was loaded mechanically and 
most recent reports indicate over 22 per cent of coal 
mined in Illinois was loaded by mechanical and pit 
car loaders. 

Blasting. Continued experiments in smokeless shoot¬ 
ing of coal have been made.® In this a gas is com¬ 
pressed to high pressure in the cartridge, then fired by 
means of fuse in heavy detonation or heating element. 
This fuse requires about 100 amperes at 180 volts to 
set off heating element. 

Telephones. One company installed a complete 
system, using lead-covered pair in conduit laid in the 
floor of the mine.* In rapid hoisting, the caging is 
limited to or 2 sec. This does not permit the 
check puller to safely detach the identification checks. 
Several mines overcame this by installing loud speaking 
telephones between top and bottom.^ The bottom 
man pulls the check and telephones the weighman 
giving him the number of the check. 

8. Cardox. 

9. Youngstown Sheet and Tube Co., Dehue, W. Va. 

10. Peabody Coal Co., Mine No. 8, Tovey, Ill. 


Switch Throw. An electrically operated switch 
throw has been successfully applied to mine switches.^^ 
This eliminates the danger of having these throwed by 
hand. Also signal lights are worked in conjunction with 
the throw. 

Welding. Electric arc welding is becoming more 
common for repair work. It is almost universally used 
for welding rail bonds. This year has brought a new 
use in the welding of a very hard special metal to the 
tips of mining machine bits, to produce ten times the 
wear.^* 

Safety Work. The Bureau of Mines continues to 
test all types of equipment to be used in gaseous mines. 
They have now placed their stamp of approval on 30 
various ts^pes of motors. 

The approved cap lamp with greatly increased illumi¬ 
nation is being rapidly adopted.^* Over 30,000 of this 
type have been placed in use. A new cap lamp with 
lead battery and dry electrolyte has been developed.^^ 
This should reduce accidental bums from electrolyte. 

11. Mines Equipment Co., St. Louis, Mo. 

12. “Blaokor.” 

13. Edison Models E. & P. 

14. Concordia. 



Power Generation 


ANNUAL REPORT OF COMMITTEE ON POWER GENERATION* 


To the Board of Directors: 

An organization meeting, following selection of the 
committee membership, was held on November 2, 1928, 
in which the program of the previous year was reviewed 
and subcommittees appointed to undertake and initiate 
activities concerning the following subjects: 

1. Excitation Systems and Auxiliary Drives in 
Electric Power Plants, Sub-Chairman, Mr. F. T. Leilich. 

2. Interconnection, Sub-Chairman, Mr. P. C. 
Hanker. 

3. Rehabilitation of Power Plants, Engineering and 
Economic Features, Sub-Chairman, Mr. C. P. Hirshfeld. 

4. Hazards to Service Reliability in Modern Gen¬ 
erating Stations, Sub-Chairman, Mr. E. B. Meyer. 

A second meeting was held during the period of the 
Winter Convention. Reports at this time outlined the 
scope and progress of the plans undertaken by the sub¬ 
committees. The Subcommittee on Interconnection 
recommended that its problem was of sufficient magni¬ 
tude to justify a symposium at one of the national 
conventions, and the committee decided accordingly to 
lay plans for a group of papers and accompanying 
discussion on some important phases of Interconnection 
during the Winter Convention in 1930. 

On April 10, a meeting of representatives of the 
Excitation, Auxiliaries, and Interconnection Sub¬ 
committees was held in Pittsburgh, which members of 
the Electrical Apparatus Committee of the National 
Electric Light Association attended, for the purpose of 
discussing the scope of the investigations that have been 
or may be undertaken by the two committees in the 
interest of minimizing any duplication of work that might 
develop without coordinated efforts. The discussion 
brought out that no studies were planned by the 
N. E. L. A. committee on the subject of Excitation, 
but that the 1924 report of the N. E. L. A. on Auxiliary 
Drives was scheduled for revision during the next year. 
The data collected by the Subcommittee on Auxiliary 
Drives forthepresentreporthaveaccordingly been trans¬ 
mitted to the N. E. L. A. committee for their purpose. 
The program of investigation and study of the subject 
of Interconnection that has been outlined by the 
N. E. L. A. committee seemed so comprehensive that a 
considerable period would be required for its com¬ 
pletion. The papers proposed for the A. I. E. E. sym- 
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posium, after discussion, appeared to lie entirely in one 
section of the N. E. L. A. outline, and it was decided 
therefore to proceed with their presentation and to con¬ 
sider them as one source of information and data for 
accomplishing the study outlined by the N. E. L. A. 
committee. 

The Subcommittee on Excitation Systems and Aux¬ 
iliary Drives has endeavored to summarize present day 
practise with regard to these important features of 
power-plant design and operation. Its report in detail 
follows, and leaves nothing unfinished for transmittal to 
next year’s committee. 

The Subcommittee on Interconnection has classified 
the problems which it recognizes in that subject into 
groups relating to technical, economic, and operating 
considerations. It has associated with its own mem¬ 
bership affiliates from the several sections of the country 
in which interconnection experience is accumulating, 
and has designated certain of its personnel as liaison 
members to cooperate with committees of other ap¬ 
pointment that may treat subjects related to Inter¬ 
connection. The subcommittee has outlined a series of 
papers of valuable potentialities to the industry. Its 
report, which follows, is at this time mainly in the form 
of an outline of work which has been initiated, and 
constitutes the only subject matter which the com¬ 
mittee wishes to transmit to its successor of next year. 

The Subcommittee on Rehabilitation of Power Plants 
has viewed its subject from the angle of future develop¬ 
ment and possibilities, after depicting the economic and 
technical causes which are likely to bring about the 
desirability of rehabilitation, or modernization. The 
report of the subcommittee as prepared by Mr. C. F. 
Hirshfeld introduces so many valuable points of view 
that the committee has thought it better to present it 
for publication at the Summer Convention as a separate 
paper, rather than to incorporate it in this progress 
report. An Institute-paper entitled Increase in Gen¬ 
erating Capacity of Existing Stations and Eqaipmeni 
on the System of the Columbia Gas and Electric Corpora¬ 
tion, by Mr. E. S. Fields, describing a well planned 
rehabilitation program with regard to the generating 
capacity in the vicinity of Cincinnati and Dayton, 
Ohio, was reviewed with interest by the subcommittee 
during the year, and proved such a fine example of a 
subject becoming increasingly important, that the 
subcommittee recommends it to the attention of all 
engaged in the economics of power station development. 
This paper is scheduled for publication at an early date. 

As could be expected, the recent innovations in the 
practise of power generation have introduced new 
hazards and problems affecting the service reliability 
of generating plants. These have been pointed out and 
discussed in the report of the Subcommittee on Hazards 


1413 


29-119 



1414 


POWER GENERATION 


Transactions A. I. E. E. 


to Semce Reliability in Modern Generating Stations, 
which is appended in final form without recommenda¬ 
tion of further study at this time. 

The purpose and scope of the yearly progress 
report was defined at the first meeting by members of 
the Executive, Coordination of Activities, and Publi¬ 
cation Committees of the Institute. It is obvious 
that a tabulation of present day power developments 
and trends would be a stale repetition of technical 
literature closely followed by those engineers directly 
concerned with power generation. However, of the 
Institute membership of 18,000 engineers there are 
many who are in no way associated with power gen¬ 
eration activities; there is also a considerable body of 
electrical engineering students reading current In¬ 
stitute literature to whom a yearly summary or picture 
of the power generation industry should be presented; 
and another group, to whom the yearly progress reports 
should be of interest as well as value, includes the more 
recent engineering graduates who are in the process of 
orienting themselves in the engineering professions. 
Exposition of the progress, development, or trends in 
power generation is best made by reference to typical 
generating plants; but in pointing out the salient fea¬ 
tures of illustrative plants, an element of selection 
was necessary to avoid undue volume. However, 
bibliographic references are given in connection with 
plant desCTiptions, so that anyone interested in fur- 
^er detail of plant construction can readily locate 
it. For this reason the bibliography at the end of the 
report is not so comprehensive as that embodied in the 
1927 progress report, but is confined principally to the 
technical papers or reports presented to or prepared by 
the various engineering societies on matters pertaining 
to power generation. If this report presents a picture 
of the new developments in the field of power genera¬ 
tion, portrays in its subcommittee reports some of 
the economic and technical problems which the industry 
is facing, and offers a reflective summary of the lines 
along which this phase of electrical-mechanical engi¬ 
neering is expanding and advancing, it will have 
achieved its objectives. 

Recent Developments and Present Status op 
Power Generation 

Volume and Distvibution of Gen&rcbtion 
^ The voli:me of generation of electric energy has con¬ 
tinued to increase in step with the general business 
situation throughout the country. Numerically, the 
output of all central generating plants in the United 
States in the past year has been almost exactly 10 
per cent greater than in the preceding year. The 
industry as it approaches the half century mark saw an 
annual growth equal to its entire volume 20 years ago 
while the generated output of 1928 was over 11 times 
that in 1908. It is only a matter of months now until 
toe yearly production of central generating plants will 
have reached the figure of one hundred billion kw-hr. 


A relative index of note to anyone contemplating this 
field of activity shows that the electric output has 
doubled in the last six years. 

While the opinion seems to prevail that activity in 
undertaking new hydroelectric developments is lagging 
for one reason or another, the fact is prominent that 
hydro plants produced last year 40 per cent, or better, 
of the total output of central generating plants, which is 
a larger share of the total power generation than in any 
year of the last decade. This relatively high per¬ 
centage of hydro output was in part due to better than 
average rainfall conditions. 

Fuel burning plants generated practically all of the 
remaining 60 per cent of the year’s output. Internal 
combustion engines continue to be used for power pro¬ 
duction, in certain localities where liquid and gaseous 
fuel supplies are economically available and the load 
demands are relatively small. Steam production by 
direct firing of oil and gas under boilers is the prevalent 
method in these territories when volume output of 
electric power is necessary. The relative proportion 
of coal compared to oil and gas fuels used for steam 
raising has remained constant for 10 years, coal con¬ 
stituting almost 90 per cent of the fuel burned. 

The statistics available indicate that the volume of 
electric output in plants other than central generating 
stations is about 30 per cent of central station produc¬ 
tion. There can be no question, though, that the 
advances in the art and practise of power generation 
originate larjgely in the central station industry, and 
are later utilized by the general industry of the country 
as specific conditions may warrant; also that the relative 
use of central station power in industry has increased 
in the last 10 years from less than one-third to almost 

one-half of the power requirements of the country’s 
industry. 

Generating Plant Building Programs 

The past year was notable with respect to the 
quantity and character of generating capacity placed 
in initial service. The year 1928 was a peak year for the 
number of new hydroelectric stations and for total capac¬ 
ity installed, exceeding 1927 by over 100 per cent. It 
is probable that 1929 and 1930 will see the addition of 
new hydroelectric generating facilities at about the same 
rate as in 1927. With few exceptions, the hydroelectric 
units were installed in new developments and consti¬ 
tuted only a portion of the expected ultimate generating 
capacity. More novel features of hydroelectric prac¬ 
tise, to be disci^pd more fully later, were exemplified 
in the 1928 additions than in any other recent year. 

In contrast with the 1928 hydroelectric installations, 
th^e were only one or two new steam-electric plants 
placed in initial operation that are noteworthy for any 
outstanding features, and only four or five steam plants 
of major considerations will be started up in 1929 or 
1930. ^actically all the increase in steam-electric 
generating capacity, exceeding the new hydroelectric 
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capacity by about 75 per cent, was added to ftviating 
plants. The size of units is the only striking character¬ 
istic of the 1928 steam additions. 

The relative paucity of new steam plants in the 
past year probably is an outcome of the wide recogni¬ 
tion a few years ago of the impending rapid growth 
of power generation, and the simultaneous provision 
through the country of a backbone of highly efficient 
steam stations strategically located to carry the load 
arising in ensuing years. The data for 1928 show that 
practically the entire growth of steam generated load 
was taken by extensions to existing plants, but it is also 
evident that many of these stations are approaching the 
limit of their development, and consequently a wave 
of new steam stations may be expected in the next few 
years. 

It is probably correct to say that the past year wit¬ 
nessed opposite phases of the recurring cycles of hydro 
and steam developments. The gro'wth of system load, 
both from increasing density and from interconnection 
or joining of small components, has made the use of 
larger and l^ger generating plants economically feasible 
and requisite. Generating capacity must be ready 
when needed and the starting of a new station in the 
absence of the possibility of extending existing stations 
is therefore imperative, often several years in advance of 
the time when the ultimate development will be re¬ 
quired. This situation is met by plans calling either 
for hydro or steam generation, provided, of course, 
that water power sites are available within economical 
distance of transmission. A hiatus of several years 
then occurs, depending upon the rapidity of load growth 
on any particular system between the starting of 
new generating plants. The interval is consumed in 
enlarging the last station to its full, economical size. 

Economics of Hydroelectric Developments 

There has been much comment recently about the 
slackening in hydroelectric development in the United 
States, although the hydroelectric industry is flourish¬ 
ing in the neighboring country of Canada. Various 
re^ons are advanced for the situation in this country, 
chief among which are the average high fuel efficiency, 
the lowered cost of fuels, and the reduced investment 
cost of steam-electric stations. Another fundamental 
reason may be that practically all of the low cost water¬ 
power sites in this country have been developed, while 
the more costly sites adjacent to the market and the low 
cost sites that are now remote from load centers, require 
development on a large scale to make them economically 
feasible, as minor utilization of the sites would throw 
too great a burden of fixed costs upon the hydro energy 
generated. This economic limitation is probably the 
controlling factor in determining the cycle, or fluctua¬ 
tion, of water-power developments. It seems likely 
that the next few years will be a period in which existing 
hydroelectric plants will be extended to their ultimate 
size, and during which the growth of load will finally 


culminate in an impetus leading to hydro development 
again on a major scale. In the meantime, load in¬ 
creases will be assumed by extensions to, or construc¬ 
tion of, steam-electric plants whose capital cost be 
estimated with considerable assurance, and incurred in 
relatively small steps as necessary. 

There is a growing realization that wherever a feasible 
development of hydroelectric power is possible, the 
combination of hydro with steam generation on the 
modem utility system leads to the lowest over-all cost 
of power generation. It is becoming apparent that 
hydro power has more than an energy and minimum 
flow capacity value on systems mainly steam, and on 
systems largely hydro, the advantage of steam-capacity 
steps to defer major hydro undertakings until economi¬ 
cal is being recognized. The value of even limited 
hydro energy for peak service is receiving wider ap¬ 
preciation, and in many other respects, the interrelation 
of the two sources of power is being fully worked out. 
Such considerations together with the attractive over¬ 
all generating costs of efficient steam stations have led 
to the adoption of extensive modern steam plant 
facilities in regions dependent in the past on water 
power. 

Comparison of Plant Efficiencies 

The efficiency of the utilization of water-power is 
probably approaching its attainable limit as in the past 
year there was corroboration of peak efficiencies of the 
order of 92 to 94 per cent based on net effective head, 
in small as well as large capacities, and for a range of 
heads to which the Francis tj^pe of turbine is applied. 
The propeller type turbine is reaching efiiciencies of 
87 to 90 per cent, while the impulse wheel which is used 
for the high heads in the West has shown efficiencies in 
recent installations better than 85 per cent over a broad 
range. Hydro plant water efficiency depends princi¬ 
pally on one mechanical element, and the cost of this 
machinery is usually not over 10 to 15 per cent of the 
capital value of the entire development. The cost of 
the maximum attainable efficiency is therefore rather a 
minor item in the whole. Steam plant efficiency 
occupies just the opposite side of the picture, as it is 
the result of the combination of four separate efficiencies, 
those of the turbine, the boilers, the auxiliary arrange¬ 
ment, and the worldrig cycle. The capital cost of the 
machinery components of these varies at the present 
time between 50 and 55 per cent of the total station 
cost, and the cost of any extensive effort to build in the 
ultimate of efficiency has a definite effect upon the total. 
Nevertheless it has been found economically possible to 
attain steam turbine efficiencies of 80 to 84 per cent, 
boiler efficiencies of 85 to 90 per cent, and to select a 
working cycle and machinery arrangement that will 
result in an overall plant efficiency of 23 to 27 per cent. 

Major Inflvmces in Station Design 

The two agencies that were of major influence in the 
design of the stations that were started or extended 
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in the past year have been the expansion of system loads 
and the possibility of high station efficiency with de¬ 
crease of over-all cost. Greatly increased system loads 
have resulted from normal growth as well as from inter¬ 
connection between small or isolated systems and in 
many cases between systems of metropolitan size. 
Hydro developments have probably been more stimu¬ 
lated by interconnection of systems than have steam 
plants, which in the majority of cases are built as close 
to the load as possible. As a rule hydro plants, even 
though water efliciency has increased two to three 
points in the period, have not had the opportunity of 
raising their internal efficiency with a corresponding 
reduction in over-all costs that has been open to steam 
plant design. The size of system load has led to larger 
and larger generating units, both in hydro and steam 
plants, and the increase in size has permitted a slight 
betterment of internal efficiency; the much greater 
benefit, however, comes from concentrating capacity 
in a few large units rather than in numerous small 
machines. The building volume of turbine and boiler 
rooms per kilowatt of capacity has been reduced 24 
to 41 per cent in recent additions to well-known sta¬ 
tions where the newer units are appreciably larger than 
the turbines in the initial sections of the plants. The 
adoption of improved worldng cycles and better com¬ 
bustion facilities in the steam plants has been chiefly 
responsible for a 9 to 10 per cent decrease within the 
last two years in the average pounds of coal per kw-hr. 
produced, the average coal rate at the end of 1928 being 
about 1.76 lb. 

The best thought of hydro designers is being applied 
to the reduction of the investment charges and extends 
from the study of preliminary costs to an evaluation of 
the capital savings that might be secured by a diversity 
of construction and loads on interconnected systems of 
wide scope. In many instances great concern centers 
around the development of maximum output of secon¬ 
dary power, both by the use of a machinery installation 
that is large compared to the minimum steady output, 
and by the maintenance of output under unfavorable 
hydraulic conditions. The first scheme requires a 
system load capable of absorbing the secondary power 
in high water periods and protected by available gener¬ 
ating capacity during low water; the second scheme de¬ 
pends upon the adaptability of the hydraulic design to 
fluctuating water stages. The feasibility of the second 
largest hydro plant started in operation in 1928, 
that on the Ohio Falls at Louisville, was greatly 
enhanced by a turbine design that permitted an attrac¬ 
tive output under a wide range of heads. The inter¬ 
connection of steam and hydro has given rise to another 
possibility of increasing the hydro output, but in this case 
for peak purposes in low water periods. The year 1928 
saw the fost large pumped storage development in this 
country started on the Rocky River in Connecticut, 
where pumping facilities have been provided to supple¬ 
ment the natural storage accumulated during the high 


water season. Locations for watershed reservoirs are 
being sought and will be utilized to their economic limit 
for the conservation of flood flows, the increase of steady 
or primary power, and the lessening of property damage 
and unfavorable hydraulic operating conditions during 
normal high flow periods. The use of large units has 
been accompanied by an improvement in the detailed 
design of turbine, generator, and waterways, so that the 
cost per kilowatt of rated capacity has been materially 
decreased. An interesting step further toward lowered 
capital costs was the omission of the generator room 
superstructure at the Norwood plant in North Carolina 
that was brought into service within the past year. 
While this is not the flrst application of the idea, the 
generators at the Norwood plant are the largest to date 
arranged only with individual canopy coverings. 
Another method of capital cost elimination that is being 
given scrutiny is the simpliflcation of the generator 
voltage bus layout and station service supply; the out¬ 
door arrangement of high-tension apparatus has mani¬ 
fested its superiority from a cost point of view for 
several years. 

Steam plant designers have been busy discussing the 
application of extremely high steam pressures and call¬ 
ing attention to the possibilities of higher steam tem¬ 
peratures; the selection of the most suitable method of 
combustion has also been a major concern. In many 
instances the necessity for maximum capacity has been 
a determining influence in the station design and it is 
not at all uncommon to find two methods of combustion 
employed in the same station, as well as two working 
pressures. Designers are evidently giving a great deal 
of consideration to making best use of the various ideas 
of plant design and arrangement that have been tried 
out successfully in practise. Several years ago the 
regenerative and reheating cycles were introduced and 
are now in general use. It is quite probable that the 
next major step is toward the use of extremely high 
pressure superposed upon a pressure now standard. 
However, the record thermal economy to date is held 
by a medium high-pressure station that carries its steam 
pressure only up to 650 lb. The advocates of super¬ 
pressure state that the capital cost of such a station is 
no higher than of a standard pressure plant when 
allowance is made for all factors, particularly that of 
capacity. The same argument is heard for the pulver¬ 
ized fuel plant. Both high pressure and pulverized 
fuel are supposed to show somewhat higher efficiencies 
at the maximum capacities claimed for them. In the 
end the arguments generally resolve themselves into 
the question of capacity per doUar, or a reduction of the 
investment per kilowatt. The relation of the invest¬ 
ment charges to the fuel and operating costs does not 
appear to change to any extent for as the first is de¬ 
creased by the concentration of capacity, the other has 
been falling because of the betterment of efficiency. 
It cannot be said that steam plants are becoming any 
simpler in their design layout; just the opposite. As 
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the regenerative cycle introduced additional equipment 
into the turbine hall, so the new combustion methods 
and heating surface arrangements add complexity to 
the boiler plant. Station auxiliaries have multiplied 
and brought with them a host of control apparatus, 
and it is being recognized that perhaps the cost of this 
sub-auxiliary equipment is becoming excessive. The 
justification for all the complexity is found in the 
higher efficiency, and this with the greater capacities 
have kept the over-all dollar costs satisfactory from 
past points of view. Some simplification is appearing 
in particular instances and more can be expected, with a 
consequent lowering of investment costs. It is well to 
bear in mind, however, that when the changing pur¬ 
chasing power of the dollar, and the effect of inter¬ 
connection of reducing the amount of station inherent 
spare capacity, are considered, it may be probable 
that the absolute cost of steam plants has increased. 

To date, the savings available by building new steam 
plants embodying modem cycles and heat reclaiming 
devices usually have been so marked in comparison to 
enlarging and continuing for heavy generation older 
stations of lower thermal economy, that the system 
growth has been accommodated on new base load 
plants and the older stations have been relegated to 
peak load service. Engineers are beginning to question 
the amount of improvement in operating economy that 
is still possible, and are looking for other ways to in¬ 
crease capacity at low cost and without sacrificing their 
present stations to a low use factor in coming years. 
Where peak loads cannot be avoided either through 
interconnection diversity or off-peak load development, 
serious consideration is being given to the design of 
plants for peak purposes only that would have a low 
capital cost although possibly a higher operating cost 
than their companion base load plants. The general 
idea of such a plant is a few large units of vaiying 
capacity with only the simplest of auxiliaries and 
heat savings devices, although European variations 
of the plan include a heat accumulator for storage of 
energy during off-peak hours for use later on the peak 
and Diesel engines of capacities as great as 15,000 hp. 
In this country the alternate pumping and release of 
water between artificial or natural reservoirs is being 
given more study by steam .system operators than the 
proposal of off-peak heat storage. 

Rehabilitation of Existing Steam Plants 

A main line, however, along which the efforts of 
steam station designers will be increasingly directed, 
points to the rehabilitation or partial revamping of the 
efficient stations now in use. There are instances now 
at hand where it has been possible to step up materially 
the station capacity at a price per kilowatt about half 
the original cost; and this has been found warranted and 
feasible in plants of rather recent design. One way of 
accomplishing this is to compound a higher pressure 
station element upon a low-pressure plant, and pressures 


of 700 and 1200 lb. have been thus added to existing 
185 and 300- 400-lb. plants. Another method consists 
of adding a turbine element receiving steam at the 
standard or normal pressure, in cross-compound ar¬ 
rangement to an existing turbine element, the original 
turbine being altered or the intermediate pressure 
so selected that the original capacity can be maintained 
and the capacity of the new element added as net gain. 
The same idea has been applied to the combination into 
a single unit of two separate and adjacent turbines by 
placing between them an added turbine element that 
exhausts into the low-pressure elements of the two 
separate machines. In plants where the boilers are 
only a few years old, they are likely to be of such size 
that their operation imposes no excessive labor and 
maintenance costs, and the problem of increasing the 
boiler output hinges usually upon fuel burning limita¬ 
tions. The development of water and steam cooled 
walls has removed the hazard of refractory deteriora¬ 
tion that existed previously, so that greater fuel feeding 
and combustion facilities are the principal requirements 
for increased capacities. That these are available either 
for solid or pulverized coals has allowed major increases 
in boiler plant outputs. Older boilers that are usually 
of small size and of low working pressure generally do 
not allow of any rearrangement of settings that is worth 
while, and the problem is nearly always settled in such 
cases by replacement of individual boilers or the con¬ 
struction of an entirely new boiler plant. 

Rehabilitation of Hydro Developments 

Rehabilitation or revamping in hydroelectric design is 
nearly always more inconveniently carried out than in 
the case of steam plants. In some cases the hydro 
plants have been almost completely rebuilt in order to 
utilize the site head more efficiently; in other instances 
the dams have been raised to increase the effective head. 
The revamping of hydro plants often requires inter¬ 
ference with their output over extended periods with 
consequent economic loss. Where it may be desirable 
and possible to raise the operating head it may be 
found that the dam will not withstand the increased 
static pressure, and practical reconstruction of the dam 
must be undertaken to utilize the entire site head. 

There appear to be at least five types of hydro 
developments that offer the possibility of revamping as 
soon as it is economically feasible, as follows: 

1. Localities where the flow is divided among several 
small and inefficient units, either in one plant or among 
several plants in the same area. 

2. Situations where considerable overdevelopment 
of the minimum flow would be advantageous with re¬ 
spect to system interconnections, but where the avail¬ 
able waterways are at present obstructed by small 
capacity, inefficient units. 

3. Plants where the site losses are excessive and the 
available head could be better utilized by modern water¬ 
way construction and settings. 
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4. Plants where the possible head was not fully 
developed initially. 

5. Plants of partial development and insufficient 
flow capacity interposed between more modern plants 
on the same stream in such locations that the river flow 
cannot be ponded most advantageously. 

Methods of Reducing Operating Costs 

The attack on the initial costs of generating plants is 
being paralleled by similar efforts towards a reduction 
of later operating costs. The operating results of 
plants are being scrutinized at frequent intervals and 
compared with operating standards that have been 
prepared from tests, operation under known conditions, 
and from manufacturers’ guarantees or expected per¬ 
formance data. These studies may be in terms of 
direct cost for such items as labor, supplies, and main¬ 
tenance, but the greatest concern is given from the 
point of view of operating performance to strictly 
operating statistical figures such as thermal economy 
and water equivalents. The analysis frequently is 
modeled along the lines of an accounting balance sheet, 
and is termed a heat or water balance. Its essential 
purpose is to explain the deviation from standard per¬ 
formance. Two very informative serial reports on this 
subject were published during the past year by engi¬ 
neering committees of the National Electric Light 
Association on ^‘Waterwheel Testing and Operating 
Records of Plant Discharge” and “Power Station 
Betterment.” The interest in checking plant per¬ 
formance has led to an increased use of measuring 
devices of the totalizing t5q)e, particularly in steam 
plants. Attention is centered upon water discharge 
and leakage in hydro plants and there are numerous 
instances in the later hydro installations of converging 
sections of the intakes or penstocks being arranged for 
Venturi measurements. The differential heads avail¬ 
able at various locations in the pressure waterways 
are also used for metering purposes. The Venturi 
sections and by pass devices are calibrated in place by 
accurate water measurement usually at the time the 
V 5 raterwheels are also being tested. The field testing of 
waterwheels is now considered requisite both for the 
purpose of checking guarantees as well as for securing 
performance data, and it is estimated that about 400 
waterwheels have been thus tested within the last eight 
years. 

The trend to larger boiler, turbine, and waterwheel 
units has reduced the number of operators required to 
man the modern power plants but recourse is being 
made in many inst^ces to automatic control of ma¬ 
chinery for further reduction of operating labor costs. 
Often the primary reason for adoption of automatic 
control is to secure a more constant improved efficiency, 
and sometimes reliability of operating processes is a 
desired object. The increased operating efficiency 
accrues from the mechanical performance of repetitive 
adjustments which would not be carried out so thor¬ 


oughly by manual control unless considerable excess 
operating and supervisory labor were employed. Tn 
steam plants, the chief use of automatic control is for 
the regulation of the combustion process, although in 
some plants the balance between the auxiliary exhaust 
steam and the feedwater heating is automatically con¬ 
trolled. Automatic control has received a great deal of 
prominence in connection with hydro plants in the last 
year, although the control feature has not been fully 
automatic in some cases mentioned as plants with com¬ 
plete automatic control. Saving of operating labor is 
the principal object in the hydro plants that are started 
and stopped by remote control, such as from a distant 
point or by forebay water level. Automatic synchro¬ 
nizing has been used in some plants in which operators 
are employed and the arrangement of equipment for 
the purpose has led to lowering of the initial costs of the 
control apparatus, an increased operating reliability, 
and a saving in operating labor. Control equipment is 
being devised so that it can be made fully automatic or 
remotely supervised as the circumstances may demand. 
There is a trend in steam plant design also to group the 
control apparatus so that more of the plant can be 
brought under remote supervision and control. In line 
with this the floor levels, machinery layouts, and wall 
construction are being adapted to the minimum operat¬ 
ing force for the purpose of securing a higher grade of 
operating supervision at a lower total cost. The 
automatic regulation of frequency is being actively 
developed and its application in hydro plants is some¬ 
what more preferred on some systems than in steam 
stations. It is expected that the control will be ex¬ 
tended to the proper division of load between units in 
the same plant for the purpose of maintaining the 
highest possible hydraulic efficiency. Frequency regu¬ 
lation has as its object an improvement of system ser¬ 
vice, and the decrease of operating costs resulting there¬ 
from is problematical at the present time. 

Illustrative Examples op Recent Hydroelectric 

Developments 

Large Run of River Plants 

Conomngo. The Conowingo plant on the Susque¬ 
hanna River may be considered typical of present day 
medium head, hydroelectric developments, in this case 
about 89 ft. It is essentially a run of river plant, the 
23 ^ billion cu. ft. of water available in the reservoir 
above the dam with a 7-ft. draw-down being less than 
the power house draught at full load for 24 hr. The 
hydraulic features, the machinery equipment, and 
transmission facilities have been thoroughly described 
in the A. I. E. E. Quarterly Trans., Vol. 47, April and 
July 1928. Conowingo is outstanding in being now the 
second largest hydroelectric plant in the United States, 
and when extended to its final size will be the largest 
single hydroelectric installation in the country. Other 
features of bigness distinguishing it are the turbines 
that are the largest in physical size installed to date. 
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and the butterfly valves placed at the inlet of the scroll 
case for blocking the water passage during shutdown. 
These valves are the largest ever built, and in use show 
negligible leakage. 

The hydro developments on the Susquenhanna River 
well illustrate the growth of the electric power industry 
that has made possible the increasing machinery ca¬ 
pacity that may be economically installed on any 
stream. The York Haven plant 43 mi. upstream, the 
earliest development, uses a flow of about 15,000 cu. 
ft. per sec.; the Holtwood plant, intermediate between 
York Haven and Conowingo, a flow of 31,500 cu. ft. per 
sec.; while Conowingo, with a maximum discharge of 
about 6500 cu. ft. per sec. per single unit, will utilize a 
flow eventually of 70,000 cu. ft. per sec. or more. 
Minimum daily flow as low as 3200 cu. ft. per sec. have 
been recorded at Holtwood. The median flow (avail¬ 
able 50 per cent of time) is about 25,000 cu. ft. per sec. 
while flood flows may approach 700,000 cu. ft. per sec. 
Conowingo was feasible when the system load became 
of sufficient size to permit the plant to operate on base 
load at full capacity during the high water season, and 
to operate as a peak load plant at high capacity during 
low water stages. With a 24-hr. firm power value of 
only 30,000 kw., the plant can still be relied on during 
the period of expectation of the annual peak load for 
its full capacity of 252,000 kw., when used to carry the 
top portion of the present combined daily load curve 
of the Philadelphia Electric Company System and the 
interconnected companies; and in the course of a year 
it can be expected initially to deliver in Philadelphia 
1,250,000,000 kw-hr., or almost five times its firm 
power value for 8760 hr. 

The station structure and machinery layout at 
Conowingo show the modem tendency to incorporate 
the facilities for power generation in the dam structure 
with the view of securing the simplest and most com¬ 
pact arrangement possible. In fact about the only idea 
for simplification not embodied in the design of the 
power plant was that of the omission of a complete 
superstructure over generators, but the generator roof 
as erected is used to support an outdoor 220-kv. switch¬ 
ing station with the result that the connections between 
generators, generator busses, step-up transformers 
located directly behind the head works in the dam 
structure, and the high-tension switch gear are mini¬ 
mized, and the switching station on the roof is readily 
accessible to the operating crew. The distance of 87 
ft. from the face of the dam to the mouth of the scroll 
case is 11 ft. less than the depth of water on the upstream 
side of the plant. In this space provision is made for 
the generator bus galleries, the 26,666-kv-a., 220-kv. 
transformers with handling track below the highway 
mounted on the dam, and nectary control rooms and 
passages. No gate-house superstructure was erected, 
and the stop logs and trash racks will be handled by out¬ 
door gantry cranes that also operate the crest gates on 
the dam. 


The regulating and crest gates surmounting the dam 
spillway represent a method frequently used for pro¬ 
viding for flood flows and of holding a maximum head 
in low flow periods. These gates are 38 ft. in clear span 
and 22J4 ft. deep, although there are three gates only 
10 ft. deep for regulation. All gates are of the Stoney 
or roller guide type. The piers holding the guides for 
the gates also support a highway bridge. The largest 
gates of this type in operation are on the dam of the 
Catawba plant in South Carolina, where steel gates 30 
ft. high and 45 ft. in clear width are installed to pass 
flood flows. 

The auxiliary and excitation systems at Conowingo 
reflect the latest ideas along the lines of reliability and 
operating convenience. Primarily the power for excita¬ 
tion and governor oil pumping is supplied to each unit 
by means of an individual shaft-end auxiliary generator 
of 500-kw. capacity mounted above the thrust bearing. 
This 440-volt a-c. generator has its own 250-volt exciter 
mounted above it. Other sources of auxiliary power are 
waterwheel driven station service generators and sta¬ 
tion service transformers. The excitation current for 
each unit is supplied by an individual motor-driven 
exciter set with pilot exciter, so that the problem of 
quick response excitation for stability purposes was 
readily met by a motor-generator speed of 1200 rev. per 
min. There is a spare motor-driven exciter set in addi¬ 
tion to the individual motor-generator units. The 
governor oil pumping system is laid out according to the 
twin-pump arrangement, there being a complete pump¬ 
ing system for each pair of adjacent main units. Each 
twin group consists of two motor-driven pumps each 
capable of supplying the governors of both main units. 
This system lends itself to a simplified scheme of power 
supply and a minimum amount of extended station 
wiring, and provides adequate spare pump capacity so 
that there is little likelihood of interruption of the main 
units due to faults in the pumping system. 

LouimUe. The Louisville hy^oelectric develop¬ 
ment that was brought into service during the past 
year is an outstanding example of a plant built for secon¬ 
dary power generation only, there being on the average 
40 days in the year when power generation is impossible 
because of high water conditions. To meet this limita¬ 
tion the propeller-type turbine was installed so that 
power can be developed over a range of heads from 37 
ft. maximum to 7J^ ft. when the plant goes out of 
service. These machines at Louisville are the largest 
propeller-type wheels in physical size yet built in the 
United States and are approximately as large as any 
similar turbines in Canada or Europe. They can be 
started up, synchronized, and loaded at heads as low as 
8 feet. The additional low head output secured by the 
propeller turbines gained at 10 per cent reduction in 
cost per kw-hr. as compared to a Francis type turbine 
installation. A further gain of 10 per cent also resulted 
from the higher wheel speed which allowed a direct 
saving in generator and building costs. The generators 
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in this plant employ the enclosed system of air circula¬ 
tion with water tube surface coolers, being the first 
installation of this type of generator cooling in hydro¬ 
-electric stations. The unusual conditions surrounding 
the Louisville development have been discussed by 
H. G. Roby in November 1928 issue of Mechanical 
Engineering, Vol. 50, No. 11. 

The abnormal hydraulic conditions during high river 
stages led to a quite unusual arrangement of the plant 
headworks. These will be entirely flooded over during 
high flow and the generator room, of 48 feet width, will 
be surrounded by water on three sides, making provision 
against flotation necessary. The headworks are of 
minimum volume and contribute little to the stability 
of the dam structure. The bulk or mass of the power¬ 
house section is directly under the generator room floor. 

The Louisville plant was a pioneer in the adoption of 
supervisory control on a large scale in attended power 
plants. The entire electrical layout follows the unit 
principle. A 13,000-volt double generator bus is 
suspended in a steel enclosure along the upstream wall of 
the generator room, with the necessary switch connec¬ 
tions for any generator below, on the generator floor 
opposite the particular unit. The generator switches 
are of the truck type. At each generator there is an 
individual control cabinet containing the instruments 
and relays for the automatic starting and stopping 
of the unit. Operation of the automatic control 
can be initiated by push button either at the unit 
control panel or at the central supervisory board. 
These control panels are placed close to the generator 
switches and minimize the conduit runs for switch 
operation. Connection between the unit panels .and 
the supervisory panel is made by telephone cable. The 
circuits at the panels are completed by plug attach¬ 
ments, so that the control panels may be readily discon¬ 
nected and interchanged if necessary. Miniature 
meters are used for indications on the unit and central 
panels. The turbine governors may be controlled by 
usual means from either location. This system of 
electrical control and bus arrangement, while introduced 
at Louisville to achieve minimum initial and operating 
cost under the peculiar requirements there, will likely 
be used in other stations, as evidenced by a comparable 
semi-supervisory control in one of the latest of high- 
pressure steam stations. 

Dnieprostroy Project. An order has recently been 
received in this country for four Francis type turbines 
that will each develop over 100,000 hp. under a head 
of 123 ft. These turbines are being installed at Alex- 
androvsk on the Dnieper River in Russia. Each unit is 
rated at 84,000 hp. under a gross head of 116.5 ft. and at 
88.2 rev. per min. The runners have a maTiTmim di¬ 
ameter of 240 in., and weigh 300,000 lb. each. The 
nmner shafts are 41 in. in diameter and weigh 160,000 
lb. each. Power wdll be generated at 13,800 volts, 
three-phase, and 50 cycles. The outside diameter of 
the stator frames is 42 ft. The transmission voltage 


leaving the power house will be 220,000 and 110,000 
volts. 

River Regulating Developments 

Rocky River. The Rocky River pumped storage 
devdopment for regulating the flow of the Housatonic 
River in Connecticut has been a major innovation in 
hydroelectric practise in this country during the past 
year. The technical features of this plant have been 
described in detail by E. J. Amberg^ and mention of the 
plant is made here only for the purpose of making com¬ 
plete the review of the year’s progress. The com¬ 
paratively small natural nm-off of the Rocky River, a 
tributary of the Housatonic River, is supplemented by 
water pumped from the Housatonic River into a storage 
reservoir created on the flow line of the Rocky River, 
lumping is done mainly by off-peak steam power, and 
the direct recovery of the electric energy is carried out at 
an over-all efficiency of 61 per cent. However, this is 
raised to 79 per cent by the presence of another hydro¬ 
electric plant on the Housatonic River below the Rocky 
River station. The machinery equipment in the plant 
includes at the present time one vertical shaft 33,000- 
hp. turbine, and two vertical shaft 8100-hp. centrifugal 
pumps. The pumps discharge into the turbine pen¬ 
stock against a maximum head of 240 ft., and are the 
largest in this country, having a delivery each of 250 
cu. ft. per sec. 

Before the construction of the Rocky River storage 
reservoir the hydroelectric plants on the Housatonic 
River had only a primary or year round dependable 
capacity of 1000 to 3000 kw., although their installed 
capacity totals 26,000 kw. If the available hydro 
capacity was used on the upper half of the annual load 
duration curves, a flLrm capacity of 10,000 kw. could be 
secured. The regulation of the river by the Rocky 
River reservoir now allows a year round firm power of 

ll, 000 kw. or if the firm power is used on the annual 
load curve, the total installed hydro capacity of 50,000 

kw. can be counted on as firm capacity; in other words, 
the yearly firm capacity has been increased 40,000 kw. 
by the installation of a 24,000-kw. unit and by regulating 
the river flow with a pumped storage reservoir. This 
yearly peak capacity will increase as the load grows. 

The drainage areas and storage capacity of this devel¬ 
opment are of interest for comparison with storage 
developments mentioned later. The drainage area of 
the Housatonic River at the plant farthest downstream 
is 1510 sq. mi.; the area of the Rocky River basin is 40 
sq. mi, of which are covered by the storage lake; 
5.9 billion cu. ft. of water will be available from the 
reservoir although the natural inflow will be only 1.5 
billion in the average year. In an average year the 
Rocky River plant will be called upon to generate 
17,400,000 kw-hr. by drawing 4.03 billion cu. ft. from 
the reservoir; this water will generate 4,900,000 kw-hr. 

1. A. I. E. E. Quarterly Tuans., Vol. 47, October 1928, p. 
1100. 
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at a hydro plant on the Honsatonic River below the 
Rocky River plant. 

Saluda River. In contrast to the Rocky River 
pumped storage reservoir is the monumental hydro¬ 
electric development now being carried out on the 
Saluda River in South Carolina. The natural flow of 
this river varies between 142 and 100,000 cu. ft. per 
sec. An earth dam almost a mile and a half in length 
and over 200 ft. in height is being thrown across the 
river valley to construct an impounding reservoir of 96 
billion cu. ft. It is expected that the flood flow of the 
river will be reduced by 40 per cent, in addition to the 
regulation effected for power purposes, whereby some 
300,000,000 kw-hr. will be produced annually. This 
artificial storage reservoir will rank in volume with 
other notable reservoirs, such as those at Gouin on the 
St. Maurice River in Canada of 180 billion cu. ft., the 
Elephant Butte in New Mexico of 115 billion cu. ft., 
and the Bitobi on the Gatineau River, Canada, of 95 
billion cu. ft. The Saluda development is unique, 
however, in that the power house is situated directly 
adjacent to the storage control dam instead of being at a 
considerable distance from it, as is generally the 
case in the larger storage possibilities. The available 
drawdown of the reservoir will be 60 ft. At 180-ft. head 
the power-house discharge will be about 12,500 cu. ft. per 
sec. for the four 55,650-hp. units now being installed; 
provision is being made for two additional units. 

Gatineau River Development. The recent inaugura¬ 
tion of the Paugan Falls plant directs attention to a 
t 3 q)e of hydro development that is typical in some parts 
of Canada, where the topography includes concentrated 
drops suitable for power generation, and numerous 
lake basins scattered over the drainage area that lend 
themselves to storage control at relatively small cost. 
The territory covered by such reservoirs is usually 
remote and sparsely settled so that its immdation does 
not cause great damage to property. The most ex¬ 
tensive of these developments has been on the St. 
Maurice River, where 4800 sq. mi. of the 16,200 sq. mi. 
of total drainage area are tributary to the Gouin and 
Manouan Reservoirs that are situated 230 mi. upstream 
from the Grand M^re, Shawinigan Falls, andLaGabelle 
Power Houses. The Gatineau River has been the most 
recent river in Canada to be largely developed; the 
erection of the Farmers Rapids, Chelsea, and Paugan, 
Power Houses near its mouth was carried out in con¬ 
junction with the damming of the Bitobi Reservoir 
about 120 mi. above the plants, where 95 billion cu. ft. 
are impounded. Further storage of 45 billion cu. ft. is 
also being built elsewhere on the river. The three 
plants have an initial installed capacity of slightly 
under 500,000 hp. The Paugan Plant is at the gen¬ 
erating end of a 230-mi. transmission line to the ter¬ 
minal station in Toronto of the Hydro-Electric Power 
Commission of Ontario, This is the first 220-kv. 
system in Canada, and is noteworthy for the layout of 
the high-voltage switching installations at both ends 


where all breakers are arranged in a ring with the equip¬ 
ment and lines connected to the ring between breakers. 
The scheme gives nearly the same flexibility as a double 
bus and materially reduces the number of breakers 
required, thus effecting a saving in capital cost. 

Outdoor Type Plants 

Norwood. The Norwood plant in North Carolina 
placed in operation in 1928 marked the peak develop¬ 
ment to date of simplification of plant superstructure, 
when two 22,000-kw. and one 18,000-kw. generators 
were placed imder individual removable plate steel 
housings and arranged to be served by an outdoor 
gantry crane. While the idea is 12 to 15 years old, 
it has been adopted heretofore only for relatively small 
units. A modification that has been used in other 
plants is that of a low superstructure with a hatchway 
in the roof above the generator through which generator 
and turbine parts can be handled by outdoor crane. 
In some instances a low roof has been devised so that it 
could be rolled to one side as a whole, or in sections. 
In one instance an indoor gantry crane was installed 
to save crane runway beams and extra column steel. 
At Norwood the generators are enclosed in plate steel 
casings 40 ft. in diameter and 30 ft. high, with a hori¬ 
zontal joint between the cover plate and the cylindrical 
side plate. The gantry crane has unequal legs, one 
end of the bridge running directly on the top of the 
forebay wall, while the downstream leg rests on the 
concrete substructure enclosing the scroll cases. The 
crane trolley has an auxiliary drum operating a stiff leg 
derrick mounted at the upstream end of the crane 
bridge. This stiff leg derrick can be used for dis¬ 
mantling intake gates and screw stem gate hoists. 

The division of total station capacity in the Norwood 
plant between two 31,000-hp. units (ultimately three) 
and one 25,600-hp. turbine for the improvement of 
plant efficiency is perhaps novel in large hydro projects. 
By the use of a single lower specific speed unit, high 
part-gate efficiencies are obtained when necessary be¬ 
cause of the particular variations in stream flow and 
load conditions at the plant. 

Another interesting and pioneer method for main¬ 
taining the most economical plant operating efficiency 
consists of an automatic arrangement for holding the 
proper distribution of load between units in the plant. 
It is recognized by hydro plant operators that most 
economical distribution of load cannot be maintained 
under swinging loads unless the switchboard operator 
is constantly adjusting the gate openings of the various 
turbines in the plant. With units of large size, the 
integrated deviations from the most economical loading 
in the course of a day may be appreciable and have led 
to the development of an automatic switchboard control 
that holds a predetermined distribution of load on the 
turbines by manipulation of the governor speed motors 
while allowing the governors to function in a nor¬ 
mal manner for speed regulation. The load may be 
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automatically distributed between units of different size 
or characteristics, and even between stations. 

Propeller Type Plants 

The increasing use of the propeller type turbine has 
led to two mechanical modifications of it whereby the 
turbine power and efficiency can be maintained under 
decreased heads and fractional gate openings re¬ 
spectively. This is. accomplished by changing the 
pitch of the propeller blades, either by hand after shut¬ 
ting down the turbine, or by a mechanical arrangement 
while the turbine is in operation. Six 5000-hp. wheels 
were placed in operation during the past year in the 
Chippewa Palls plant in Wisconsin, where the blade 
angles will be manually adjusted to give maximum 
efficiency for any gate opening or maximum output for 
any variation of head, according to load and water 
conditions. The normal head will be 29.6 ft. and each 
unit will pass 1760 cu. ft. per sec., running at a speed 
of 138^ rev. per min. The peak efficiency is expected 
to be above 87^ per cent. 

Wheels of the greatest power of the manually ad¬ 
justed propeller type, however, are being installed now 
in the Back River Plant of the Montreal Island Power 
Company in Canada, where six units rated at 8800-hp. 
under a head of 26 ft. and at 85.7 rev. per min. will be 
used. 

The type of turbine having an automatic arrangement 
for varying the pitch of the runner blades is an entirely 
new development in this country, there being only one 
wheel so far installed. This turbine wheel has been 
used extensively in Europe where it is known as the 
Raplan turbine. It contains a mechanism by which 
the governor changes the pitch of the blades while the 
turbine is in operation. Its chief advantage is the high 
efficiency that can be maintained over a wide range of 
gate openings. The 1900-hp. wheel being installed in 
the Devils River plant in Texas will operate at 277 
rev. per min. under a head of 33 ft., and is expected to 
have an efficiency above 80 per cent for three-quarters 
of its load range, and above 90 per cent for the middle' 
quarter of its range. Its efficiency-capacity curve is 
particularly flat compared to such curves for the fixed 
blade propeller and Francis wheels. 

High Head Impulse Plants 

Bucks Creek. The past year witnessed two record 
breaking impulse turbine installations on the Pacific 
Coast. The Bucks Creek Plant on the Feather River 
in California develops to date the highest head at any 
hy^o plant in America, its static head being 2562 ft. 
This plant is noteworthy again from the point of view of 
waterpower practise in the East in that the stream 
draining one watershed is led into the flow line of a 
stream in an adjoining basin by means of a closed 
conduit 8 mi. in length; the combined run-off of the two 
areas is then carried by a tunnel through a mountain 
ridge into a stream on a third watershed, thi« stream 
being eventually diverted through a second tunnel 


into the penstocks leading to the power house. Reser¬ 
voirs located on the several streams receive three- 
quarters of the run-off of the entire area, so that a high 
degree of run-off regulation is secured. This plan of 
combining the run-offs of adjoining water sheds is 
feasible because of the very high power capacity of each 
cubic foot of water utilized at the tremendous heads 
that are available in the mountainous regions of the 
West, a fact which can be realized by consideration of 
the 300 cu. ft. per sec. flow provided to operate the two 
35,000-hp. turbines in the plant. 

Big Creek 2A. The addition to the Big Creek 2A 
plant of the Southern California Edison Company 
brought into service during the past year, contains the 
two impulse wheel units of highest capacity in the 
world, that are rated at 56,000 hp. each. The first part 
of this plant contains four units of a total rating of 
82,000 kw., while the second section of the plant has a 
capacity of 95’,000 kw. in two units. The floor space 
occupied by the new units is one-third smaller than that 
of the initial haff of the plant, although it is likely that 
the second section of the plant would have been some¬ 
what larger had it been erected remote from any other 
development. A further reduction in building volume 
amounting to a decrease in height of 39 ft. was secured 
by locating the 220-kv'. transformers and oil circuit 
breakers outside of the generator room building. As 
in the case of the Conowingo units which feed into a 
220-kv. transmission system, quick-response or high¬ 
speed excitation was desired for the Big Creek 2A units, 
and was likewise obtained by the use of a pilot exciter 
for the main exciter. However, the main exciter of 
375-kw. rating, together with the 4-kw. pilot exciter, 
are coupled directly to one end of the main unit shaft 
where they run at its speed of 250 rev. per min., which 
is approximately three times that of the Conowingo 
generators. 

Series Head Plants 

The past year saw several new hydroelectric projects 
intended to utilize the undeveloped or partially de¬ 
veloped head below existing plants in such a manner 
that the new plant operates in “water synchronism’^ 
with the plant farther upstream, there being no pondage 
between the two plants. The lower plant constitutes 
in effect only an extension of the upper plant, although 
they may be separated by several miles on the flow line 
of the stream, and is often remotely-controlled from 
the upper plant. An illustration is the plant at Lock 
and Dam No. 7 of the Kentucky River, notable also 
for its arrangement on “stilts.” The width of the river 
at this point was too narrow to pass flood flows if a 
portion of the dam spillway were occupied by a con¬ 
tinuous power house, and the plant was therefore erected 
on piers above the spillway. The forebay of the plant 
extends about four miles upstream to the outlet of the 
Dix River power house, the discharge of which will 
bring the Lock No. 7 plant into operation by water 
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level float control, so that the lower plant may be con¬ 
sidered a head extension rather than a flow extension 
of the upper plant. The head at the Lock No. 7 plant 
will be 15 ft. The outdoor gantry type crane had a 
unique application here, also, in its cantilever extensions 
to handle water-borne material into and out of the 
plant, as rail facilities were not possible. 

Another similar series-head installation was put in 
operation at the Chippewa Falls plant in Wisconsin, 
located only two miles below a plant erected earlier at 
Wissota. 

Automatic Frequency Control in Hydro Plants 

Hydroelectric plants seem to be taking the lead in 
the development of automatic frequency control, which 
is becoming more important as the smaller operating 
systems are being grouped into the large regional 
systems now in existence. Positive and fine control 
of the frequency, both instantaneously and accumu¬ 
latively, appears to be a prime essential in all the 
problems arising in system operation. Two types of 
apparatus have been developed for frequency control, 
although both operate through the agency of the tur¬ 
bine speed motor and turbine control gates or valves. 
It appears to be possible to hold the frequency variation 
under two-tenths of one per cent on large interconnected 
systems. Regulation of the frequency on the New Eng¬ 
land Power System has been carried out at the 
Harriman Hydro Station on the Deerfield River, where 
three 15,000-kw. units are installed. Automatic fre¬ 
quency control is also in use at the Wallenpaupack 
plant of the Pennsylvania Power & Light Company 
where two 28,500-hp. wheels are installed. The first 
of these plants operates under a head of 360 ft. and at 
a waterwheel speed of 360 rev. per min.; the turbines 
in the latter plant run at 300 rev. per min. under a 
head of 300 ft. 

The maintenance of exact frequency by one plant 
on a large system is somewhat contrary to the most 
economical loading of the units in the plant. The 
alternative of dividing the load fluctuations between a 
number of plants simultaneously appears to require too 
many complications at the present time. There seems 
to be a preference for the use of hydro stations instead 
of steam stations for the control of frequency, for the 
reason that it is easier to control mechanically the 
operation of the hydro unit than it is to vary frequently 
the steaming rate of the boiler plant. It is probable 
that the frequent movement of the hydro-wheel gates 
and servo-motor mechanism will cause increased wear 
of these parts which will be an expense chargeable to 
the automatic frequency control, but to date, this 
element of operating cost has not been evaluated. 

Hydro Development Rehabilitation 

The Bellows Falls development on the Connecticut 
River in Vermont is an example of the earlier New 
England canal layout for industrial purposes in which 
76 small waterwheels utilized the available flow at 


partial heads and low efficiency. They have been 
superseded in the new plant by three vertical units of 
20,000 hp. each operating under a 60-ft. head. The 
project also covered increasing the height of the old 
dam, and providing greater spillway and canal capacity. 
A point of interest also is the two large rolling gates 
installed on the dam for crest regulation, which are each 
18 ft. high and 115 ft. long. 

The Catawba plant in South Carolina has replaced 
one built 23 yr. earlier having a capacity of 5600 kw. in 
eight rope-driven generators, operating at a best 
efficiency of 70 per cent. Originally the head was 23 
ft., and the pond allowed only run of river operation. 
Raising the dam gave a 70-ft. head and created a 10- 
billion cu. ft. reservoir, and in conjunction with other 
storage allowed the installation of 60,000-kw. generat¬ 
ing capacity in four units. At the Upper Tallassee 
plant on the Tallapoosa River in Alabama, a former 
3034"ft. dam is being raised to a height of 56 ft. and two 
24,000-hp. units are being installed. It was necessary 
at both the Catawba and Upper Tallassee plants to 
scrap entirely the former generating plants and dams. 

High-Pressure Steam Developments 
Evolution of Equipment Types 

The wider use of steam at 1200 to 1400 lb. seems to be 
the most conspicuous trend during the past year or so in 
the steam-electric generating field. The turbines used 
at these pressures have been satisfactory adaptations of 
previous turbine design. The initial installations were 
made in existing stations as superposed pressure addi¬ 
tions, allowing the high-pressure turbines to operate on 
base load generation, so that single valve turbine con¬ 
trol was sufficient. Lately multivalve turbines have 
been designed for plants where they will carry a varying 
load, making a uniform turbine economy desirable. 
Both impulse and reaction type turbines are used, 
although the reaction turbine has been supplied with 
two rows of velocity compounded impulse blading to 
absorb the large drop in the first pressure stage. The 
turbine and generator speed in the case of all the 1200- 
lb. units is 3600 rev. per min. 

Both the straight tube boiler with headers and hand 
holes, and the multidrum bent tube boiler are being 
used to generate high-pressure steam. The straight 
tube boiler has the advantage of only a single drum; 
its many hand hole caps however have some draw¬ 
back. The bent tube boiler as installed to date has three 
drums. The application of both types of boilers meant 
only a slight modification to take care of the higher 
stresses. The tube diameters have been decreased % 
to one inch, while seamless forged drums have been sub¬ 
stituted for the riveted construction possible with 
moderate pressure. Two “combustion steam genera¬ 
tors” at the Philip Carey Manufacturing Company, 
LocMand, Ohio, will be used shortly to produce steam 
at 1840-lb. gage, the highest steam pressure to date in 
large boilers in this country. 
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Evolution of Boiler Types in Europe 

Contrasted to standard boiler designs used in this 
country, European designs seem to indicate a desire to 
avoid exposing water and steam drums to the gases of 
combustion or piercing them with many holes in which 
tubes are rolled or expanded; headers in which tubes 
are expanded are also avoided. The fear of impure 
feedwater, with resulting scale deposits and burning of 
tubes, has led to two designs of indirect steam genera¬ 
tion in which the heat absorbing parts contain steam 
only or else a circulating medium such as distilled, 
deaerated water. In three designs, small diameter 
tubing is used for primary heat absorption in order to 
minimize metal thickness and secure high heat trans¬ 
mission while retaining adequate wall strength. Mini¬ 
mum water content is considered essential, and the fear 
of disruptive explosions has also influenced the use of 
small tubes. In three designs external mechanical 
power is used to circulate water or steam over the 
heat absorbing surfaces to obtain positive cooling by 
preventing the lodging of steam bubbles or scale de¬ 
posits on the tube walls. 

The Atmos boiler designed by V. Blomquist employs 
boiler tubes about 12 in. in diameter with a wall thick¬ 
ness of ^4 iii*» rotating at 330 rev. per min. These tubes 
are driven by gearing at one end and rest in bearings 
outside of the boiler setting. Feedwater passes into the 
tubes through stuffing boxes at one end, while the steam 
is collected through similar stuffing boxes at the other 
end. The tubes extend across the boiler setting and are 
11 ft. long. Water is forced against the tube walls by 
the rotation, while the separatory action causes the 
steam bubbles to collect in the center. The rotation of 
the tubes allows uniform heating stresses around the 
tube walls. The saturated steam produced in the tubes 
is passed through a convection superheater for further 
temperature elevation. The Atmos boiler has not been 
built for large commercial capacities, although the rate 
of evaporation per sq. ft. of heating surface is said to be 
high. 

The Benson boiler in its latest installation consists of 
a vertical, cylindrical firebox formed by 16 tube sections 
connected in parallel to inlet and outlet manifolds. 
The tube sections are each formed of 450 ft. of con¬ 
tinuous tubing having an outer diameter of 1.3 in. and a 
wall thickness of 0.26 in., and are made by welding to¬ 
gether short tube lengths. Feedwater is pumped into 
the tube sections under 3200 lb. per sq. in, pressure, is 
heated as it flows through the tubes to 750 deg. fahr., 
and changes into steam without ebullition when the 
critical temperature of 706 deg. fahr. is reached. The 
steam flows from the outlet manifold through a reducing 
valve into a convection superheater. 

In the Schmidt-Hartmann boiler primary steam is 
generated in a pipe coil exposed to the combustion prod¬ 
ucts and flows to another coil immersed in a water and 
steam drum in which the secondary steam for use is 
generated by the absorption of the latent heat of the 


primary steam. The condensed primary steam returns 
by gravity to the furnace coil after passing through a 
heat exchanger in which the feedwater to the secondary 
steam drum is preheated. Since the same water is cir¬ 
culated continuously in the primary circuit, no scale 
can form in the furnace tubes. The secondary steam 
generating drum is of simple construction with few open¬ 
ings. Impure feedwater can be used in the secondary 
generator without danger of overheating the steam coil 
in it. A convection tsrpe superheater is used to super¬ 
heat the saturated secondary steam. 

The Loeffler boiler employs steam for the circulating 
medium, but brings the primary and secondary steam 
into direct contact by blowing the superheated primary 
steam into the water in the secondary steam drum. 
The superheat in the primary steam causes the genera¬ 
tion of additional steam in the water drum, and the total 
combined steam then is pumped mechanically through 
superheater coils exposed to the products of combustion. 
A portion of the superheated steam is returned to the 
water drum to continue steam generation there, and the 
balance is withdrawn from the system for use in prime 
movers or for heat. 

Arrangement of High-Pressure Boiler Plant Heating 

Surfaces 

There appear to be distinct variations in this country 
in the arrangement and proportioning of the several 
kinds of heating surfaces that make up a 1200/1400-lb. 
pressure boiler setting. The arrangement of heating 
surface does not appear to hinge upon the method of 
combustion and the thermal efficiencies of the different 
designs seem to be similar. Factors that are evidently 
important in this respect include the temperature of 
combustion gases as determined by the amount of 
furnace wall cooling and the boiler convection surface 
ahead of the reheater or superheater, and the necessity 
of reheating the steam exhausted from a high-pressure 
turbine element before it is passed to low-pressure tur¬ 
bines, thus requiring provision practically for two 
separate superheaters in the boiler setting. 

In the bent tube multidrum boiler it is difficult to 
arrange both a high-pressure and a low-pressure super¬ 
heater in the boiler gas passages, and both are located 
on the furnace walls for radiant heat absorption, as was 
done in the boiler at the Lakeside Station in Milwaukee, 
or the primary superheater is placed in the gas passages 
and the reheater element on the furnace wall, as illus¬ 
trated by the two high-pressure boilers in the North¬ 
east Station in Kansas City, Missouri. The effective 
surface of superheaters exposed to radiant heat can be 
much less than that of convection superheaters. The 
preferred arrangement at the present time in straight 
tube boilers seems to be a single-pass boiler consisting of 
a low bank of boiler tubes above the furnace followed in 
the gas path by the primary high-pressme superheater 
and the lower pressure reheater in series. Minimizing 
the number of boiler tubes decreases the amount of high 
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cost boiler parts, and allows a higher temperature head 
for heat transmission in the steam heaters. 

A steam heated reheater is placed in series with the 
convection gas heated reheater in the Holland and South 
Amboy plants in such a manner that the low-pressure 
steam is first heated by saturated steam from the boiler 
drum, and then passed through the convection reheater. 
The use of high-pressure steam for reheating is con¬ 
venient for automatic thermostatic control of the final 
steam temperature. The relative proportion of the 
reheating performed by the steam reheater decreases 
with the boiler rating in consequence of the increasing 
temperature of the combustion gases passing over the 
gas reheater, and the increased steam flow through the 
reheaters. 

Air preheaters are being used to reduce to an efficient 
point the relatively high temperature of gases leaving 
the boiler or reheaters. Air preheater surface is in¬ 
herently the cheapest that can be installed. An 
economizer is sometimes included ahead of the air pre¬ 
heater to .temper the gases entering the air heater, even 
though the feedwater temperature may run above 400 
deg. fahr. Sizable economizers are employed in the 
Boston, Holland, Deepwater, South Amboy, and Kansas 
City plants, and will also be installed with the Philip 
Carey Mfg. Co. “steam generators.” This last develop¬ 
ment will deliver steam at 800 deg. fahr. to triple-ex¬ 
pansion reciprocating engines exhausting around 60- 
lb. gage to supply manufacturing process requirements. 
No economizer is used on the Milwaukee boiler which 
has a low stack temperature as the result of a com¬ 
pletely metal cooled furnace and a deep banking of 
boiler tubes baffled for three effective passes. 

The general proportioning of heating surfaces in 
typical high-pressure boiler installations is shown by the 
following table, but these figures must not be considered 
as comparable since they include different types of 
heating surface of vaying degrees of effectiveness. 


Transactions of the American Society of Mechanical 
Engineers. The engineers who have developed the use 
of 1200-lb. steam in actual plants show in comparison 
to 400-lb. installations debit charges against the water 
and steam equipment actually handling the high pres¬ 
sures, but preponderant credits for thermal saving 
and capacity available. The possible increase in ca¬ 
pacity is believed by some engineers of high-pressure 
experience to offset the higher equipment charges result¬ 
ing in an initial cost no greater than that of a standard 
400-lb. plant. 

Summary Description of High-Pressure Plant 
InstaUcitions 

Plants with two boiler-pressures. 

Edgar — Boston. Now has one 3150-kw. single-valve 
turbine, one 10,000-kw. single-valve machine, and one 
12,500-kw. multi-valve machine. 

Lakeside — Milwaukee. Now has one 7000-kw. and 
one 7700-lcw. machine, both being single-valve turbines. 

Northeast—Kansas City. Has a 10,000-kw., turbo 
generator. The high-pressure turbines in these plants 
exhaust into low-pressure station steam mains at 
pressures of 300 to 350 lb., and are really high-pressure 
turbine elements superposed upon distinct lower 
pressure stations. 

Plants with single boiler-pressure. 

In these plants the entire low-pressure steam require¬ 
ments will be supplied through the high-pressure tur¬ 
bines and from high-pressure boilers only, there being 
no steam generation except at 1400 lb. 

Holland. This station at Holland, New Jersey, on 
the Delaware River contains initially one cross-com¬ 
pound turbo generator of 55,000-kw. capacity, con¬ 
sisting of an 11,800-kw. high-pressure element operating 
at 3600 rev. per min. and a 43,200-kw. low-pressure 
element operating at 1800 rev. per min. with a direct- 
connected exciter to supply both generators. Two 


TABLE I 


AREANGEMENT OF HEATING SURPAOBS IN TYPICAL HIGH-PRESSURE BOILERS 



Edgar 


Northeast 

Laheslde 

Plant 

Boston 

Holland 

Kansas City 

Milwaukee 

Type of boiler 

Cross-drum 
Straight tube 

Cross-drum 
Straight tube 

Multidrum 

Bent tube 

Multidrum 

Bent tube 

Total convection surface sq, ft. 

58,302 

66,066 

69.761 

68,852 

'RAilAr siirfACA Tier cent conv. surf. 

12.0 

12.0 

24.3 

41.4 

A 1 * Cent conv. surf... 

8.7 

6.9 

3.8 

• • 

^ ^ X&OOIl V wtL OULXCbwV ww** w • w ••• ■ 

TATiAAter siirffiiCe^^ner cent conv. surf.... 

11.9 

17.2 


• • 

ciinfACA——TiAr cAiit conv. surf... 

16.5 

17.6 

15.6 

• • 

All* iiAni’Af* cAnt ccnv. stirf..........a. 

50.9 

46.3 

56.3 

58.6 






Wfi+iAi* 1 VA .11 fill pfgvcQ ' 'Per cent conv. surf. •■••••••«**••*• 

100.00 

2.1 

100.0 

100.0 

4.4 

100.0 

2.2 

fiiirkAr*hAA.finr—~cnnv. surf. .' 

m 



2.7 

D.arliont rAVlAAtAr—COTIV. filirf... 



0.7 

1.4 

Steam reheater—conv. surf. 

•• 

2.2 


* • 


Cost of High-Preseure Steam-Electric Stations boiler units supply steam at 1400 lb. and reheat the 

A full discussion of the net economic benefit derived steam intermediate between the high- and low-pressure 
from high pressures has been published in the 1928 turbine elements. Both boilers have primary steam 
































1426 


POWER GENERATION 


Transactions A. L E. E. 


reheaters in series with convection type gas reheaters. 
The boilers are fired with pulverized coal by the bin 
system, using horizontal burners for opposed firing, 
and each generates 250,000 lb. of steam per hour. 
Full-load feedwater temperature is 443 deg. fahr. and 
the steam temperature 750 deg. both initially and after 
reheating at 400 lb. For further description see General 
Electric Review, Vol. 32, No. 2, Feb. 1929. 

Deepwater — Wilmington. This plant contains two 
53,000-kw. cross-compound units consisting of a 12,500- 
kw. 3600-rev. per min. high-pressure element, and a 
41,700-kw. 1800 rev. per min. low-pressure element. 
Each generator of a unit has a direct connected exciter. 
The exhaust steam of a third high-pressure turbine unit 
supplies an industrial establishment nearby. Reheat¬ 
ing is done by only two of the six high-pressure boilers, 
following the practise in plants of 600 to 700 lb. where 
reheating between turbine elements has been necessary. 
Comparison of the standard and reheat boilers is as 
follows: 

standard boiler Beheat boiler 

Capacity. 330,000 lb. per hr. 290,000 lb. per hr. 

Steam temperature. 725 deg. fahr. 725 deg. falir. 

Boiler surface—stra.Ight tube_ 9,000 sq. ft. 9,000 sq. ft. 

Beheater surface—^gas. .. 23,562 sq. ft. 

Bconomizer surface. 18,326 sq.ft. 4,763 sq.ft. 

Air preheater surface. 43,600 sq. ft. 52,800 sq. ft. 

Three of the boilers are fired by unit mills, and three 
by the bin system. 

South Amhoy. This plant on the Raritan River in 
New Jersey will contain two cross-compound, double¬ 
deck type units each consisting of a 5100-kw., 3600- 
rev. per min, high-pressure element located above a 
19,900-kw. 1800-rev. per min. low-pressure element. 
Three boilers fired by unit type pulverizing mills will 
supply 250,000 lb. per hour of steam each at 1310 lb. 
and 750 deg. fahr. The boiler arrangement will be 
as follows: 


Bofler. 7,250 sq. ft. heating surface 

Gas reheater. 12,900 sq.ft, heacing surface 

Steam reheater. 2,190 sq. ft. baatfag surface 

Bconomizer. 4,420 sq. ft. heating surface 

Air preheater. 32,050 sq. ft. heating surface 


Station A—San Francisco. The throttle pressure 
for two 50,000-kw. cross-compound, double-deck turbo 
generators will be 1200 lb. at a temperature of 750 deg. 
fahr. Steam will be obtained from “standard” boilers 
having a maximum capacity of 400,000 lb. per hour 
each, and from reheating boilers of a maximum ca¬ 
pacity of 440,000 lb. per hour. 

Present Limits op Steam Temperature 

There does not seem to be any widespread effort to 
use steam for power generation at temperatures higher 
than customary for the past several years. This does 
not imply that the thermal gains to be derived by 
higher steam temperatures are not apparent, nor that 
the investigation of metals to withstand higher tem¬ 
peratures is not being actively carried out. The 
limiting temperature at the present time generally 


recognized in this country is around 750 deg. fahr. 
although instances of operation at slightly higher 
temperatures have been reported. A straight ex¬ 
pansion to vacuum of steam at this temperature without 
excessive wetness loss in the low-pressure end of a 
turbine is possible only with steam pressures up to 450 
to 500 lb. Above 600 lb. it has been necessary to re¬ 
heat the steam between turbine elements. A higher 
initial steam temperature would permit higher initial 
pressures for direct expansion, as well as increase the 
available thermal saving for any particular pressure, 
either with or without reheating. The equipment 
subject to the highest temperature includes a part only 
of the superheater, the steam piping and valves, and 
one end of the turbine. Alloy steels are available which 
appear capable of withstanding the temperature re¬ 
quired to give a steam temp^ature measurably higher 
than present practise. Valve and piping manufacturers 
are more optimistic than the turbine manufacturers 
who are not now guaranteeing constructions for more 
than about 800 deg. fahr. At high pressures an ap¬ 
preciable metal section is required to withstand the 
pressure stresses, and this in turn leads to additional 
thermal stresses arising from the differential tempera¬ 
tures. The rate of “flow,” or “creep,” of metals when 
under high temperature and stresses also appears to be 
causing some conservatism in the design stresses for 
which boiler and superheater parts are proportioned. 

Large Boiler Developments 
Perhaps the next most significant trend in steam 
plant design is the effort to bring the number of boiler 
units in line with the number of turbines installed in a 
plant. Primarily the object is the reduction of first 
cost of the boiler plant, but there is also some saving in 
operating labor and maintenance costs. The decrease 
in the number of boiler units is being brought about 
both by the use of units of greater heating surface as 
well as effective absorbing capacity, and by operation 
at higher average ratings. Greater evaporative ca¬ 
pacities have depended upon the ability to burn 
sufficient fuel under the boiler, but this requirement dis¬ 
appeared with the development of pulverized fuel; 
the underfeed stoker in turn was stimulated in its 
performance and fuel burning capacity. Water and 
steam cooling of the furnace walls removed the re¬ 
fractory limitation to higher combustion rates and in¬ 
creased the availability factor of the boiler unit; other 
efforts to this end have been directed toward the pre¬ 
vention of clogging of the entrance of the first pass of 
boiler tubes by slag and combustible in the furnace 
gases. With feedwater containing no scale forming 
niatter, there is reason now to expect an availability 
factor for the boiler proper approaching that of turbo 
generators. Another factor holding down the number 
of boilers is the tacit, as well as stated, recognition 
that it is economically justifiable to shift station 
loads on an interconnected system whenever cleaning 
or inspection of a large boiler unit is necessary. 
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Description of Large Boiler Installations 
East River. The largest boilers in the world, now 
being installed in the East River Station of the New 
York Edison Company, have a maximum generating 
capacity each of 800,000 lb. per hour, at a working 
pressure of 425 lb. per sq. in. and 725 deg. fahr. total 
temperature. These boilers will be of the bent tube A 
type setting, having two lower boiler water drums, and 
two lower economizer section drums; at the top of the 
boiler there will be four water and steam drums; while 
above these will be two additional dry drums of 48 in. 
diameter; the boiler drums are 54 in. in diameter. The 
furnace has a plan section of 23 ft. 6 in. by 43 ft., and a 
volume of 38,200 cu. ft.; it is entirely water cooled. 
Pulverized coal is fired on two sides, both vertically 
and horizontally. The maximum rate of heat libera¬ 
tion is 25,300 B. t. u. per hour per cu. ft. of furnace 
volume. The heating surface areas are as follows: 


Boiler heating surface.. 60,706 sq. ft. 

Water wall heating surface. 6,765 sq. ft. 

Superheater surface. 8,100 sq.ft. 

Air preheater (in two tmits). 01,728 sq. ft. 


The expected stack gas temperature at a steam output 
of 800,000 lb. per hour is 360 deg. fahr. 

Hell Gate. Two boilers have been ordered for the 
Hell Gate plant of the United Electric Light and Power 
Company of New York, that will each supply a maxi¬ 
mum of 800,000 lb. of steam per hour at a pressure of 
275 lb. and a temperature of 725 deg. fahr. Each 
boiler will consist of one pair of cross-drum boilers with 
20-ft. tubes set end to end with the high end headers 
adjacent to each other-above the center of the common 
furnace. Each half section of a boiler will have its own 
72-in. drum, interdeck superheater, economizer, air 
preheater, and furnace water wall. The circulation 
and steam connections of each boiler in the twin setting 
will be entirely independent. The furnace will be fired 
with pulverized coal from unit mills, lined on four sides 
with water walls, and arranged for disposal of ash in 
molten form. The two boilers will supply enough steam 
for a 160,000-kw. turbo-generator unit. 

Delray. Five boilers using underfeed stokers are 
being installed in the Delray No. 3 plant of the Detroit 
Edison Company, that will have a normal continuous 
capacity each of 350,000 lb. of steam per hour at a 
working pressure of 455 pounds and a temperature of 
725 deg. fahr. The boilers are of the four drum bent 
tube type, being 53 tubes wide and using 3M tubes. 
The furnace walls are entirely water cooled; a slag 
screen of two tubes depth extends across the top of the 
furnace several feet below the entrance of the first 
pass proper. The water walls and slag screen are 
connected to a separate drum in the manner previously 
developed at the Trenton Channel plant of the same 
company. The division of heating surface is as follows: 


Boiler heating surface. 23,900 sq. ft. 

Water wall and screen surface. 3,494 sq.-ft. 

Superheater surface. 4,900 sq. ft. 

Economizer surface. 6,032 sq. ft. 

Air preheater surface. 30,200 sq. ft. 


The stoker is 15 retorts in width and 57 tuyeres long, 
and occupies with the double roll clinker grinder a 
distance between front and bridge walls of 23 feet. 
The preheated air supplied to the stoker for combustion 
purposes will not exceed 350 deg. fahr. at maximum 
rating. 

San Francisco. Two 2225-hp. boilers for 450 lb. 
and 625 deg. fahr. steam are being installed in the plant 
of the Great Western Power Company, where they will 
operate at low use factor but will be called upon to pick 
up load at times quite suddenly. The boiler construc¬ 
tion consists of a 72rin. diameter cross-drum 40 ft. 
long connected to a bank of tubes 56 wide by 13 high, 
with a supplementary dry cross-drum 36 in. in diameter 
and 30 ft. long mounteci 11 ft. above the main drum 
and connected to it by 45 four-inch tubes; two steam 
purifiers will also be installed in each boiler to limit the 
moisture carry over upon sudden steam demands. 
The 35,000-kw. turbo generator that will be used fre¬ 
quently as a synchronous condenser for voltage regu¬ 
lation and for standby service, is valved so that it 
can carry full load with a steam pressure as low as 
235 lb. The furnaces fired with fuel oil, are equipped 
with 9 pilot burners and 20 main burners, and when 
operating at 5 per cent of normal rating the boilers 
will be able to pick up full turbine load suddenly applied 
with a pressure drop of only 125 pounds before the main 
burners can be brought into operation. 

Gorgas. At the Gorgas steam plant of the Alabama 
Power Company a 60,000-kw. turbo-generator unit is 
being served by two boilers each of 30,315-sq. ft. 
heating surface, equipped with air preheaters of 30,600- 
sq. ft. area and superheaters that give a final steam 
temperature of 740 deg. fahr. at maximum boiler output 
of 450,000 lb. per hour. The boiler driuns built for 
475 lb. are 72 in. in diameter and 34 ft. 2^ in. in length, 
being the largest riveted drums to date for this pressure. 
The 4-in. tubes 24 ft. long are arranged 51 wide by 20 
high. The furnaces are fired with pulverized coal. The 
induced draft fans are operated by two motors, one of 
900 hp. which will provide draft up to a steam output of 
380,000 lb. per hour, and a larger motor of 1800 hp. for 
an output of 450,000 lb. A 700-hp. motor drives the 
forced draft fan suppl 3 dng air to the furnace through 
the preheater. 

Furnace Wall Cooling 

Trends in the method of combustion and in furnace 
design that were probable two years ago have been 
rather conclusively confirmed in many instances. 
At the present time there are instances of metal cooling 
the entire furnace wall surface of large steam boilers to 
the virtual exclusion or absence of the ordinary types 
of refractories. This applies to underfeed stoker fired 
furnaces as well as to pulverized coal furnaces. The 
extent of metal cooling in furnaces fired with traveling 
grate stokers does not appear to be of such broad appli¬ 
cation as the result of the losses arising from retarded 
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ignition and a generally lowered furnace temperature. 
There are cases of station enlargement where the 
original furnace settings were entirely'refractory, but 
additional boilers were provided with metal cooled 
furnaces so that comparison of available capacities and 
maintenance costs have been secured.- The experience 
at the CahoMa plant of the Union Electric Light and 
Power Company of St. Louis was reported by E. H. 
Tenney in this respect in the October 1928 issue of 
Meckanical Engineering, as well as with regard to 
changes in the combustion method that will be discussed 
later. Metal cooling of the furnace seems to be prac¬ 
tically necessary when any appreciable heat recovery is 
effected by air preheaters; the introduction of pre¬ 
heated air in turn contributes to better firebed condi¬ 
tions on stokers and serves to maintain a high combus¬ 
tion rate in pulverized fuel furnaces; and higher ratings 
seem to be obtainable with decreased furnace wall 
maintenance through the extensive use of metal cooling. 
The majority of the large boiler furnaces recently put in 
operation have been metal cooled, and well-known cases 
of replacement of refractory lining with metal walls 
have also occurred. Under the term of metal walls 
several types of construction are to be included, such as 
plain boiler tubes on the face of, or embedded in a 
refractory wall, boiler tubes of the fin type backed up 
with a heat insulation, and boiler tubes with plain 
metal or refractory faced blocks clamped to them. 

Stoker Development 

The development of underfeed stokers in the past two 
years has been directed mainly toward an increase in 
burning capacity per foot of width, principally through 
lengthening the coal feeding area by extending the retort 
zone, with an additional number of tuyeres through 
which the air for combustion is delivered. Stokers hav¬ 
ing 65 tuyeres are now being built. Further travel from 
the front of the stoker to the rear is obtained in some de¬ 
signs by the addition of an overfeed section between the 
end of the retort and the edge of the clinker grinder pit, as 
illustrated by the last stokers installed in the Hudson 
Avenue plant of the Brooklyn Edison Company that 
have an overfeed section approximately six feet in 
length. While the increase in length of stokers has been 
the most notable development in stoker design, stokers 
up to 35 ft. in width have also been built. The relative 
decrease in the width of the stoker for a given stoker 
area that has resulted from lengthening of the stoker, 
has brought about an advantage of secondary im¬ 
portance by the reduction possible in banking fuel, since 
combustion during banking occurs almost wholly along 
the front of the stoker. 

Progress has been made recently in adapting the 
rotary ash discharge type of stoker for the efficient 
burning of low grade fuels in quantity, mainly by 
improved design of the clinker grinder pit and grinder 
rolls along the ideas developed in stoker practise with 
higher grade eastern coals. 


The long travel of the coal and waste products from 
the coal hopper to the grinder pit has required facilities 
for adjusting the motion of the different parts of the 
firebed and for individually controlling the windbox 
pressures under the subdivided stoker sections. These 
mechanical requirements are reflected in the trend of 
development toward the wider use of steel and of parts 
machined or cast to specifications not before justifiable. 

Changes in Pulverized Fuel Practises 

The increasing use of pulverizing mills delivering 
their product directly to the furnace, and the horizontal 
arrangement of burners for combustion are the most 
outstanding trends in pulverized fuel practise. The 
pulverized method of combustion has been applied on a 
large scale to almost every kind of coal commercially 
available in the country. The initial cost of pulverized 
fuel equipment external to the furnace has been reduced 
by placing the pulverizing mills adjacent to the furnace 
and by drying the coal in the mills during pulverization, 
thus minimizing building volume and conveying and 
drying equipment; when the coal is then delivered from 
the mills to the furnaces without the interposition of 
costly bunkers, further simplification of equipment is 
possible. In one mill arrangement the fan for trans¬ 
porting the coal from the mill to furnace is integral with 
the mill; in another layout a separate fan is placed be¬ 
tween the mill and the bunkers. Heated air from the 
flue gas air-preheater is ordinarily employed for mill 
drying, although steam air-heaters are installed in some 
plants. Direct firing without fuel storage between the 
mill and burners requires division of the mill capacity, 
as well as burner equipment, into two or more units in 
order to insure a certain degree of reliability of fuel 
supply. Duplication of mills is also a benefit for the 
control of fineness of the pulverized product with vary¬ 
ing boiler ratings; mill power can also be controlled to 
some extent. A census made by the Prime Movers 
Committee of the National Electric Light Association 
showed that for recent installations the ratio of direct 
fired to bin and feeder boiler horsepower was 1.7 to 1 
for utility plants, and 9 to 1 for industrial plants. The 
average size of boilers fired by the unit system appears to 
have increased in the last two years, with the size of 
direct fired boilers in utility plants still being considera¬ 
bly larger than boilers similarly fired in industrial boiler 
plants. 

The trend towards horizontal firing seems to coincide 
with the attempt to increase the average heat liberation 
per cu. ft. of furnace volume. Horizontal firing has 
been used with both the bin and unit mill systems, being 
particularly convenient with unit mill layouts, although 
both horizontal and vertical firing have been applied 
together in the same furnace. Horizontal burners 
having relatively large coal capacity lend themselves to 
the use of forced draft which must be employed for the 
maximum of turbulence, an essential for horizontal 
firing. In some cases where the ash deposited on the 
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bottom of the furnace is removed in a molten state, 
the temperature at the furnace hearth must be main¬ 
tained above the fusing temperature of the ash, which is 
readily done by burners located near the bottom of the 
furnace. 

Turbulent firing and metal cooling of furnace walls 
have led to a method of ash removal which seems likely 
to be exploited in new installations. It is possible to 
maintain temperatures at the floor of the furnace 
sufficient to liquefy ash having fusion test temperatures 
up to 2500 to 2600 deg. fahr. Means for readily re¬ 
moving liquid ash from the furnace and disposing of it 
have been devised at the Charles R. Huntley Station of 
the Buffalo General Electric Company, and the method 
is being applied at other plants. The furnace floors in 
**slag bottom” furnaces are horizontal, and the slag is 
tapped out at intervals into a stream of high velocity 
water that shatters the slag and disintegrates it into 
small particles that can be handled hydraulically. 

The effect of extensive water and steam cooling of 
furnace walls together with turbulent firing may be seen 
from a comparison of the maximum rates of heat libera¬ 
tion in some of the recently constructed furnaces, with 
conditions existing in the latter part of 1927 in pulver¬ 
ized fuel installations. The Prime Movers Committee 
of the National Electric Light Association at that time 
published a tabulation of pulverized fuel installations 
covering 224 furnaces fired by the bin and storage 
method and 166 fired by unit t^e mills, for which heat 
liberation data were known. The arithmetical average 
maximum liberation of B. t. u. per cu. ft. of furnace 
volume per hr. was 20,300 and 21,400 for bin and unit 
systems respectively. The frequency distribution for 
the two cases, however, was quite different, the modal 
value or the figure of greatest frequency being 16,400 
for the bin system and 21,800 for the unit system. 
Compared to these figures of heat liberation, the last 
furnaces installed in the Cahokia plant of the Union 
Electric Light and Power Company of St. Louis will 
have a maximum rate of 26,700 B. t. u.; the recent 
furnaces in the Hell Gage station of the United Electric 
Light & Power Company of New York, 35,000 B. t. u.; 
and the last installation at the Charles R. Huntley 
station of the Buffalo General Electric Company, a 
liberation of 37,900 B. t. u. per cu. ft. per hour. The 
furnaces in these three stations are being fired from xmit 
Tnillg and with horizontal burners, the furnace walls 
being completely metal cooled. 

Comparative Status of Pulverized and Stoker 

Firing Methods 

The introduction of pulverized fuel firing less than ten 
years ago has been followed by its application in all 
sizes of boiler plants and with all classes and grades of 
lignite, bituminous, and anthracite coals. Experi¬ 
mental installations on a large scale and commerical 
competition with stoker firing, have now continued. 


long enough perhaps to allow a generalized comparison 
of the two methods. 

There seems to be a recognition that most of the 
earlier pulverized installations have been slightly 
higher in first cost than corresponding stoker plants, 
but the operating advantages claimed for pulverized 
firing appeared to overbalance any cost differential in 
favor of stokers. There can be no question that the 
increased use of pulverized firing stimulated new de¬ 
velopments in stoker design with the result that fuel 
burning capacity, range of high efficiency, etc., of 
stokers, were greatly broadened, and thereby a more 
effective competition with some of the major advan¬ 
tages of pulverized firing was created. During the same 
period the apparatus layout for drying, pulverizing, 
and burning coal was simplified with an apparent reduc¬ 
tion in first cost. 

Whereas formerly there was a widespread belief that 
a much greater choice of fuels was available for pul¬ 
verized firing than could be utilized by any one type of 
stoker, recent developments in the stoker field have 
narrowed this advantage to special cases of extreme 
variations in fuel supply, such as anthracite and bitu¬ 
minous. With coals for which the underfeed stoker 
has been most extensively applied, the operating advan¬ 
tages of pulverized firing are looked upon as rather 
debatable by some engineers. Smaller banking losses, 
greater flexibility with fluctuating loads, and better 
sustained efficiency over a wider range of loading, 
have been claimed for pulverized firing, as well as better 
adaptability for complete automatic control. Opposed 
to these claims the disadvantage of greater dissemina¬ 
tion of ash dust to the atmosphere is cited. Certain it 
is that the ash dust problem is real and its total elimi¬ 
nation appears to be quite costly. In a recent case the 
greater commercial possibilities in the disposal of stoker 
ashes over pulverized fuel furnace ash was one of the 
factors that influenced the selection of the combustion 
method. There are many engineers who believe that 
with an assured fuel supply of good and uniform grade, 
there is so little difference in net economic results be¬ 
tween the two combustion methods that the choice in 
particular cases is being made for reasons which formerly 
were regarded as subordinate considerations. 

Large Turbo-Generator Installations 

Increase in capacity of turbine cylinders and gen¬ 
erators still continues to be the most impressive develop¬ 
ment in the steam turbo-generator field, although tur¬ 
bine units of immense size have not been uncommon or 
unpresaged in the past. It is probably correct to say 
also that the growth in capacity of individual units 
has been made possible, not by any new or radical ideas, 
but by refinement and application of design principles 
already at hand. The 208,000-kw., three-element, 
cross-compound General Electric machines for the 
State Line Plant near Chicago, announced some two 
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years ago, remain the largest units in total capacity and coupled only by the mutual reactance between 
on record. Previous records, however, have recently them. The windings will be connected to separate bus 
been broken for two-element cross-compound units, sections whose only tie normally will be through the 
and for single-element machines. The 160,000-kw. transformer action of the two windings in the generator, 
machine that is going in the !East River Station of the The advantages of the two-winding generator include 
New York Edison Company will embrace both the the use of smaller switches than would have been neces- 
largest tandem-compound turbine and the largest sary to handle the entire generator output, and led to a 
generator ever built. Generators of large capacity are bus arrangement whereby short-circuit disturbances are 
now operating at 22,000 volte in this country and at localized and minimized; switch house building space 
33,000 volte in England, which is believed to be the was saved; a ground on one winding will not require 
highest voltage used to date for large power generation, taking the other winding out of service; and the bus tie 


Two-Element Cross-Compound Turbines 
Hell Gate, The two turbo generators of 160,000-kw. 
capacity each recently installed in the Hell Gate plant 
of the United Electric Light and Power Company, New 
York City, consist of a single flow high-pressure element 
and a double flow low-pressure element. One was 
manufactured by the American Brown Boveri Com¬ 
pany and the other by the Westinghouse Electric 
and Manufacturing Company. Machinery details 
are as follows for the two units: 

A. B. B. Oo. w. B. & M. Oo. 

Bated capacity, H. P. section... TS.OOO-kw. 80,000-kw. 

li. P. section.,. 85,000-kw. 80,000-kw. 

Speed, H. P. section... 1,800-r. p. m. 1,800-r. p. m. 

L. P. section.., 1,200-r. p. m. 1,800-r. p. m. 


Electrical conditions.85 per cent p. f., tbree-phase, 60 cycles 

. 13,800 volts 

Steam conditions. 265 pounds, 611 deg. fahr. 


The 137,500-sq. ft., two-pass horizontal surface con¬ 
densers serving these turbines are unique in their 
arrangement, each consisting really of two separate 
condensers attached to the two exhaust nozzles of each 
low-pressure turbine, but having a common central 
waterbox horizontally divided for inlet and outlet con¬ 
densing water. One-half of the condenser is rigidly 
attached to one exhaust nozzle while the other section 
of the condenser is joined to the other exhaust nozzle by 
a flexible joint with lateral freedom. 

Single-Element Turbines 

The single cylinder General Electric units of 75,000- 
kw. capacity each in the plants at St. Louis and Buffalo 
are the largest machines to date of that type. The 
Cahokia, St. Louisunit is an 1800-rev. per min., 60-cycle 
machine operating on steam at 315 lb. and 725 deg. 
fahr., while the Buffialo unit is a 1500-rev. per min., 
25-cycle, 275-lb., 689-deg. machine. It is to be noted 
that while the high pressure element of the State Line 
unit is rated at 76,000 kw., the expansion of steam 
through it is only partial, as contrasted with thecomplete 
expansion to 29 in. vacuum in the single cylinder ma¬ 
chines of 75,000-kw. rating. 

Tandem-Compound Turbines 

East River. The 160,000-kw. tandem-compound 
General Electric machine being installed in the East 
River Station in New York will have a two-winding 
generator, the circuits of which are entirely separate 


through the generator will result in synchronism of 
the two bus sections during disturbances, since the two 
windings must necessarily be in synchronism, although 
effective reactance between the busses still exists. 
The generator is a three-phase,. 25-cycle,11,400-volt 
machine, operating at 1500 rev. per min. Throttle 
steam conditions are 400 lb., 725 deg. fahr. Further 
details regarding this installation may be found in 
Electrical World, Vol. 92, No. 24, Dec. 15,1928. 

Generator Voltages and Speeds 
There was an advance in voltage of large generators 
when the 94,000-kw., 1500-rev. per min., 16,500-volt 
unit went into service in the Long Beach Plant No. 3 of 
the Southern California Edison Company. This volt¬ 
age is now exceeded in the 55,000-kw. turbo generator 
in the Pekin, Illinois, plant of the Super-Power Com¬ 
pany, that operates at 22,000 volte and 1800 rev. per 
min. In England a 25,000-kw., 80 per cent power 
factor, 3000-rev. per min. machine, that generates at 
33,000 volte, has been recently put in service in the new 
Brimsdown plant, and is believed also to represent the 
highest capacity developed to date above 1800 rev. per 
min. In this country the 12,500-kw. 80 per cent power 
factor generators, driven at 3600 rev. per min. by the 
1200-pound turbines, mark the peak capacity of high 
speed machines produced to date. 

Turbine Auxiliaries 

There have been no outstanding new trends within 
the past two years in the design of condensers or other 
auxiliaries serving turbo generators; neither have there 
been any new developnaente in the methods of heating 
and deaerating boiler feedwater. The trend toward 
the use of single-pass condensers, and a lower ratio of 
condenser surface per kilowatt of turbine capacity 
seems to be confirmed in practically all of the newer 
stations. Feedwater heating by steam extraction is 
almost universal. 

The necessity of pure feedwater for the higher pres¬ 
sure boilers is perhaps leading to increased efforts 
toward the reduction of condenser leakage by attaching 
the condenser tubes to the tube sheets in the manner 
in which boiler tubes are "'rolled” or "‘expanded.” 
In some cases the tube sheets are flexibly connected to 
the condenser shell, while in one instance the condenser 
tubes have been bowed in order to allow them to deflect 
laterally if necessary. 
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The cooling of generators by the enclosed circulation 
system is now widely practised in steam electric stations, 
and is also being extended to waterwheel generators. 
Hydrogen in place Of air for cooling has also been 
used in the case of a synchronous condenser, that is 
installed in the open with a weatherproof casing. 

Mercury Vapor Developments 

The mercury vapor boiler and 10,000-kw. turbine 
installation at the South Meadow Plant of the Hartford 
Electric Light Company, Connecticut, described in the 
last report, was placed in operation in October, 1928. 
Mercury vapor is produced at a temperature of 884 
deg. fahr., passed through the mercury turbine and 
condensed at 28 in. of vacuum to make steam at 350-lb. 
pressure. The steam is returned to the boiler setting 
and superheated from 436 deg. to 700 deg. fahr. before 
going to the station steam mains. A water economizer 
and air preheater following the steam superheater in 
series reduce the flue gas temperature to 280 deg. fahr. 
A mercury heater or economizer is located between the 
mercury boiler and steam superheater. The furnace is 
fired with pulverized coal. 

Steam Table Research 

The experimental results from the A. S. M. E. Steam 
Research Program carried out during the past few years 
at Harvard University, the Massachusetts Institute of 
Technology, and the U. S. Bureau of Standards, have 
given a mass of overlapping data that has enabled the 
General Electric Company to develop a complete set of 
steam tables and diagrams to 3500 lb. per sq. in. and 
1000 deg. fahr. These were published in preliminary 
^orm in the February 1929 issue of Mechanical Engi¬ 
neering. The remarkable agreement between the ex¬ 
perimental results, and with contemporary foreign 
data, indicates that the new tables will suffice for the 
most exacting type of engineering work. 
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Report op Subcommittee on Excitation in Electric 

Power Plants 

A survey has been made of the excitation layouts in 
some 26 modern large stations, the majority of which 
have been in operation less than five years. The gen¬ 
erating units in these stations range in individual 
capacity from 12,500 kw. to the largest yet operated. 
The frequency of application of the salient features of 
excitation layouts is shown by the following tabulation, 
which, though not including all modern stations, yet is 
believed to be representative of present day practise. 


Design featt^e Relative application 

Excitation voltage of 230-250. 100 per cent 

Systems individual to a generator. 93 per cent 

Individual systems with transfer bus to spare excita¬ 
tion capacity. 81 per cent 

Individual systems having battery spare. 27 per cent 

Individual systems using motor-gen. exciters driven 

from shaft generators. 11 per cent 

Individual systems using sub-excitation of exciters. 33 per cent 

Installations using shunt windings on main exciters. 87 per cent 

Installations omitting main held rheostats. 50 per cent 

An excitation voltage of 250 has been adopted almost 
universally because of the economy of copper and switch 
facilities, and the fact that reliability is readily obtain¬ 
able with 250-volt machines operating at the main 
generator speed, usually 1800 rev. per min. or less. 

Excitation sources arranged individually for each 
generator predominate constituting 93 per cent of the 
cases. Only one station surveyed operates on the 
central system with excitation busses supplied from 
separately driven station exciters; one station uses 
group excitation busses supplied from shaft-end exciters 
belonging to the maokines excited from the group bus. 

Individual excitation is obtained from shaft-end ex¬ 
citers in 89 per cent of the cases, there being three in¬ 
stances only in the group surveyed of motor-generator 
exciter sets supplying excitation on the individual 
principle. In these cases the motor-generators were 
driven from shaft-end generators mounted on relatively 
slow-speed hydro units, and were used primarily in the 
interest of quick response excitation. 

However, of the individual excitation systems, 81 
per cent of the installations have available tmnsfer 
facilities whereby spare exciters or storage batteries 
can supply the fields of the generators in the event of 
loss of the shaft-end or motor-generator exciters. 
Storage battery reserve is provided in 27 per cent of the 
individual systems, but it is noted that in operation 
these batteries are not paralleled with the individual 
sources of excitation. 

In 33 per cent of the cases, sub-exdtation or separate 
excitation of the main exciter is provided by a pilot 
exciter carried on the shaft of the main exciter, both 
shaft-end a,nd motor-generator exciters. In one large 
station, however, the main generator fields are excited 
in parallel from group sub-excitation buses that are 
energized by small motor-generator sets and storage 
batteries. In all instances except this, the sub¬ 
excitation installations are used in connection with 
transmission line systems. 

Shunt windings only on the main exciters seem to be 
preferred in 87 per cent of the cases. 

The elimination of the main field rheostat in 50 per 
cent of the cases, or its installation for emergency 
operation and the control of the main generator voltage 
by means of the exciter voltage appear to have ad¬ 
vantages desired by quite a few engineers. 

Manual control of the main generator voltage still 
seems to be favored, particularly in steam-electric 
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stations, although a number of plants has installed 
and operates automatic-control equipment. 

Where generator voltage is to be maintained during 
system disturbance, automatically-operated quick- 
respoi^e equipment has been installed. The individual 
exciter makes the high-speed excitation problem simpler, 
as a centi^ excitation system, with machines of dif¬ 
ferent size and characteristics, could not be regulated 
satisfactorily even though all generators might be 
feeding a common bus at the time of a disturbance. 
With the individual exciter, the main generator voltage 
can readily be controlled by varying the main exciter 
rheostat or by a pilot exciter. Thus the main field 
rheostat may be entirely omitted and by the use of 
special relays and reversed windings on the exciters, 
a wide range of excitation may be obtained. Quick 
response excitation is obtained by suitable design, 
principally by the use of parallel field circuits and lam¬ 
inated magnetic circuits. The quick-response in¬ 
stallations have found their widest application to 
hydroelectric systems in which the machine and line 
reactance are relatively high and stability is important. 
With large networks connected to widely separated 
steam and hydro plants, quick-response excitation 
may be desirable for steam-driven generators and its 
installation should be the subject of a careful analysis of 
the transmission and generating conditions. High 
speed as referring to excitation is somewhat indefinite, 
but in the present state of the art, implies a voltage in¬ 
crease of 400 to about 700 volts per second with 250-volt 
excitation. The developments in design of d-c. ex¬ 
citers have been such that today, even on low speed 
hydro generators, a satisfactory direct-connected exciter 
can be built at a cost little, if any, greater than for a 
separate motor driven exciter installation. 

One company has installed quick-response excitation 
on a steam-driven house generator of 5000-kw. capacity 
to maintain voltage with sudden load changes such as 
occur when starting or shutting down the large motor- 
driven auxiliaries. Synchronous condensers are also 
equipped with quick response excitation and on ac¬ 
count of the relative capacity of the synchronous con¬ 
densers and the system it may be desirable to have the 
response quicker than for the generator. 

One company now studying means for insuring the 
reliability of the excitation layout for steam-driven 
machines of 100,000-!Sw. capacity, is considering the 
use of two separately insulated field windings for the 
main generator, with each winding magnetically bal¬ 
anced so that the machine can operate safely with 
either field winding alPne, and each field winding to be 
capable of operating the generator at approximately 
umty power factor. Independent sources of excitation 
are to be used for each field winding, and there are to be 
automatic means for increasing the strength of one field 
winding in case the voltage on the other fails. 


Report op Subcommittee on Auxiliary Drives in 
Electric Power Plants 

Present practise with regard to auxiliary drives has 
been summarized below from the data obtained from a 
list of some 21 modern stations. These data are 
believed to be sufficiently comprehensive to be repre¬ 
sentative. The generating units in these stations range 
in individual capacity from 12,500 kw. to the largest 
yet operated. 

General 

Motor drive of auxiliaries is used in all cases except 
one in which steam drive is the main auxiliary power. 
However, the installation of a steam-driven boiler feed 
pump for reserve purpose appears to be universal, while 
in a small number of cases duplicate motor and steam 
drives are used for some of the more necessary 
auxiliaries. 

In approximately half of the stations, the auxiliary 
layout is designed and operated on the unit system, L e,, 
each turbo generator and its corresponding essential 
auxiliaries form a unit. 

Methods op Power Supply 

The sources of auxiliary power and their relative use 
are shown by the following tabulation. 


Source of auxiliary power Relative use 


Transformers ahead of generator switch. 22 per cent 

Generators on main unit shaft. 22 per cent 

Installations of house turbines. 39 per cent 


Transformers on busses or supply ft-om other stations universal 

Transformers connected ahead of the generator switch 
assure energy whenever the main unit operates and with 
proper protection by relays and oil switches, line dis¬ 
turbances will not cause an outage of auxiliary power. 
However, in the case of machines feeding a large system, 
operating conditions may be such that the machine 
voltage, and consequently the auxiliary voltage, vary 
between unduly wide limits. 

The shaft generator has the advantage of isolation, 
and insures an auxiliary supply whenever the main unit 
is running. For starting up, the auxiliaries can be 
thrown upon the eihergency bus, or normally open tie 
switches can be closed. The shaft generator increases 
the space required for the unit substructure and founda¬ 
tion and adds somewhat to the unit cost. It has the 
disadvantage that electrical or mechanical failures may 
require a shutdown of the main unit for repair. 

The house generator, driven by a separate steam 
turbine, provides a maximum of separation and with a 
standby machine or motor-generator set should meet 
the requirements from the standpoint of reliability. 
As the trend today is towards large units, the auxiliary 
power demand for turbine and boiler unit is passing 
beyond several thousand kilowatts, and the turbines, 
especially if of the 3600-rev. per min. design, may be 
built with good steam rates, materially lessening the 
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advantages of the shaft-driven generator which operates 
at speeds of 1200 to 1800 rev. per min. 

Special windings on the main generator are being 
considered, but as the auxiliary voltage would be de¬ 
pendent upon the main field excitation, and this would 
be varied in accordance with the system demands, it is 
necessary to provide a suitable arrangement to hold the 
auxiliary voltage reasonably constant. It has the dis¬ 
advantage that failures in either stator winding may be 
communicated to the other winding and result in having 
the main generator out of service for slow and expensive 
repairs. 

Motor-generators a-c. to a-c. may be used instead of 
transformers, but they introduce additional rotating 
machinery which requires more attention, is more liable 
to fail and more expensive than transformers. 

The motor-generator set or house-generator are the 
two logical solutions for d-c. auxiliary power. The 
recent developments in rectifiers for railway service may 
result in their application in power stations. A syn¬ 
chronous converter of comse could be used instead of a 
motor-generator set, but it does not provide complete 
electrical separation of a-c. and d-c., does not give the 
voltage range, and is not inherently as stable as the 
motor-generator set. 

Types of Motors 

For some apparatus the wound-rotor motor is par¬ 
ticularly well adapted. If the speed range does not 
exceed approximately 40 per cent, the commercial types 
of control apparatus, with a multiplicity of speed points, 
may be employed. For a speed range comparable to 
that of a d-c. motor, double-winding slip-ring motors 
are available, but the control gear becomes unduly com¬ 
plicated and expensive, and the motor is special, so that 
first cost and replacement are high. The brush shifting 
motor is liable to spark, is expensive and higher in 
maintenance than other types. Its commercial size 
is limited, and it is not available for some of the large 
auxiliaries of the new stations. 

D-c. motors lend themselves readily to a wide range 
of speed control with little sacrifice in economy and with 
relatively inexpensive control equipment. The com¬ 
mutator motor is not desirable for a dusty or gassy 
atmosphere, but then the machines may be totally 
enclosed and vented from the outside. In order to 
insure stability of motor operation the d-c. motor for 
wide speed ranges should be designed for a substantial 
ampere-tum excitation over the whole range. 

F^or the usual plant, 2300-volt motors are used above 
50 hp., and below this, 440 or 220 volts are well adapted, 
as it makes available the large stocks of the motor 
manufacturers. The selection of the auxiliary voltage 
and changeover motor size cannot be governed by any 
hard and fast rule, but should be the basis of study for 
each installation, considering not only the economics 
but also reliability and simplicity. 

The central station is built up around reliability of 


service, and this is materially aided if special insulation, 
that is, better than the commercial standards, is used 
on the station auxiliaries. 

The synchronous motor has not found a wide field of 
application in the power plant, but for driving such of 
the non-essentials as do not require speed variation it 
could often be used to advantage. By designing for 
power factor correction, the voltage variations on the 
auxiliary bus can be reduced and at the same time in¬ 
crease the power which can be drawn from the auxiliary 
transformer or generator. The larger motor manu¬ 
facturers are now building synchronous motors 
with special clutching arrangements so that the syn¬ 
chronous motor may be used on equipment requiring 
high starting torque. 

Control Considerations 

There was a tendency a few years ago to improve the 
economy of auxiliaries by wide-speed variations and 
many speed points. Experience has shown that in a 
number of cases this was carried too far, as the cost and 
complication overbalanced the economies shown on 
paper. Today it is realized that it is economically 
sound to sacrifice some calculated advantages in the 
interest of simplicity and reliability. The single- or 
multiple-speed squirrel-cage induction motor is being 
applied in many c^es where previously a wound rotor 
or d-c. motor would have been used. 

Across the line starting eliminates the starting equip¬ 
ment, but where this is used for large motors it may be 
necessary to provide a means for maintaining the auxili¬ 
ary bus voltage. When auxiliaries must be started 
frequently, the manufacturer should be consulted to 
insure that the oil switches are equal to the unusual duty 
imposed upon them. Motors also should be built for 
the heavy duty. 

Some engineers look with disfavor on the multi¬ 
plicity of small oil switches involved with an auxiliary 
voltage of 2300 or 4000 as these switches require more 
space than circuit breakers or latched in contactors and 
are not as readily inspected and serviced. For an 
installation without exce^ively long runs and in which 
the plant expansion is definitely limited, a complete 
estimate of the probable ultimate can be made with a 
fair degree of accuracy and the economics as well as 
the important intangibles studied before reaching a de¬ 
cision on the design. With large motors the copper 
requirements will be large, but by interleaving the 
busses and with special transformers, the total voltage 
drop can be held within practicable limits. Both 
circuit breakers and contactors are available capable of 
repeatedly interrupting currents up to 20,000 amperes 
at 440 volts. 

The engineer has the choice of a-c. solenoid contactors 
operated either by a-c. or d-c. control circuits. If the 
d-c. control is used it has the advantage of being un¬ 
affected by fluctuations of the a-c. voltage, it is quiet, 
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and the solenoid currents are not affected by the 
magnetic conditions. For some installations these 
advantages more than compensate for the added com¬ 
plication of the separate control circuit. 

Operating engineers are not agreed on the question of 
overload protection for auxiliaries. The type of pro¬ 
tection depends somewhat upon the installation. In a 
plant with the essentials in more than one unit, overload 
relays that will protect the auxiliaries without causing a 
shutdown of the main unit are a logical arrangement. 
Where the plant requires operators for the auxiliaries, 
the overloads have been set at stalled motor current, 
and in the event of overload the motors are allowed to 
run hot until the trouble is remedied by the operator. 

Completely centralized control and control at the 
auxiliaries have their applications, the former being 
somewhat more costly for the equipment and installa¬ 
tion. Control at the machine makes it necessary to 
have additional personnel but in a large plant it is 
essential that the machinery be regularly examined, and 
generally these men are available for operating the 
controls. Control adjacent to the motor reduces the 
•possibility of starting a machine with men working on 
it and has the important advantage that the operator 
starting up can see the apparatus and assure himself 
that it is functioning satisfactorily. 

A study of the present station records shows an in¬ 
creasing number of kilowatt-hours sent out per man 
and an increasing use of automatic combustion and 
boiler feed control. Some of the combustion control 
equipment has required a large number of speed points 
which has made the first cost of the control and motors 
run high. Multispeed squirrel-cage windings, with fine 
adjustment on the dampers, will provide a simpler and 
cheaper solution, and in many cases can be designed 
so that there is little sacrifice in economy over the 
operating range. Boiler feed pumps do not involve 
any special problems other than the multiplicity of 
speed points which some of the control systems require. 
Usually, the speed range is relatively small on account 
of the inherent characteristics of a centrifugal pump 
and the necessity to keep the discharge pressure at all 
times in excess of the normal operating pressure of 
the boiler. The advent of boiler pressure of 1200 lb. 
and above has resulted in the development of the 3600- 
rev. per min. wound rotor motor for driving the high- 
pl*essure pumps. The design and application of these 
pumping sets have introduced new problems of control 
and reliability. 

On account of the fire and explosion hazard, pulver¬ 
ized fuel installations should be designed to eliminate 
the possibility of sparking of control devices or motors 
in a dusty atmosphere. Good housekeeping is one of 
the best safeguards. The National Board of Fire 
Underwriters’ rules for pulverized fuel installations 
provide reasonable safeguards for both the personnel 
and apparatus. 


Report of Subcommittee on 
Interconnection 

Effect of Interconnection on Power Generation. 

Interconnection has permitted the size of generating 
units to be greatly increased so that units of 100,000 or 
150,000 kw. are becoming common, while even larger 
units are under construction. In most of the instances 
where such large units are being placed in service, they 
are for the principal use of one operating company 
rather than for the joint use of parties to an inter¬ 
connection. However, the individual companies are 
in reality composed of a number of smaller companies 
which had previously been interconnected. Inter¬ 
connection of companies has permitted the total reserve 
of the district to be decreased since the individual 
parties need not independently provide for their own 
emergency. The increased size of units results in a 
decreased investment per kilowatt of capacity, while 
the reduced district kilowatt capacity still further 
reduces the investment in power generation apparatus. 
Another feature which makes possible the installation 
of large sized units is the fact that interconnection 
permits a staggered construction program, so that one 
company can make a larger addition than it would be 
justified in making alone, and its investment charges 
can in part be carried by the other interconnected 
companies. 

The consumption of fuel is reduced because of the 
possibility of giving the more economical units the 
*‘base load” of an entire district and because water 
power can be used more effectively. There is a number 
of examples where the power which could be developed 
from stream flow plants during certain hours of the day 
was wasted and is now used due to the interconnection 
of systems which gives a greater outlet for the energy. 
Reasons for Interconnection. 

By far the largest number of interconnections has 
been of the type where small systems have been merged 
financially with larger systems, and the natural ten¬ 
dency was to abandon the smaller of the generating 
stations and interconnect the systems. Much of this 
has been done without detailed studies as to the possible 
economy, the problem being considered in the light of 
the consolidation of property. 

However, there is also a number of interconnections 
between large systenas having separate management. 
These interconnections are made for one or more of the 
following reasons of economy or-,improved reliability 
of service: 

(a) Generating reserve; (b) load diversity; (c) 
mutual assistance during emergency; (d) minimizing 
possibility of territorial power shortages; (e) utiliza¬ 
tion of water power; (f) additional business due to 
coverage of intervening areas. 

The primary object of interconnections in the final 
analysis is of course a reduction in investment and 
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operating cost. Presumably, it is possible to build and 
operate an independent system which will give the 
equivalent of a system interconnected with others, 
but interconnection affords a more economic method 
of accomplishing the desired results. 

Methods of Interconnecting. 

Of the two methods of interconnection, namely, loose 
and tight linking, no conclusive arguments in favor of 
one or the other appear to be generally applicable. The 
distinction at the present time seems to be princi¬ 
pally that of purpose. Where loose linking is in 
operation, the primary object is to provide facilities 
for the interchange of power for known requirements, 
and where a certain amount of time can be allowed for 
connections. In this case, the member systems of an 
interconnection are each capable of providing for 
their own requirement, with the exception that pro¬ 
vision is made for the actual transfer of load by switch¬ 
ing to take care of inequalities between the load and 
available generating capacity. Thus to a certain extent 
all of the possible benefits of interconnection are not 
realized, but on the other hand, some of the complica¬ 
tions are avoided. Where tight linking and trunkline 
ties are employed, the facilities of the group are at all 
times available to each of the member systems. The 
complication and expense of the interconnecting ties, 
however, are greater for this condition. 

Problems of Interconnection. 

The principal technical problems at the present time 
appear to be in connection with the following subjects: 

(a) Load control; (b) load dispatching; (c) voltage 
control; (d) frequency control; (e) relaying; (f) 
stability; (g) increased short circuit currents and ade¬ 
quacy of circuit breakers and other equipment; (h) 
communication; (i) metering; (j) technical basis of 
contractual relations. 

Several of the items given above are not peculiar to 
interconnection but appear in the planning of any 
system, and improvements are continually in progress, 
applying equally well to system and interconnection 
design. 

There is an increasing tendency toward the use of 
automatic recording devices for filling the gaps between 
the information from station operators and what is loft 
of a system after a disturbance; and it is highly probable 
that when accurate information from these devices 
on systems throughout the country over a period of 
time is available, some very constructive new ideas 
will result. 

Report of Subcommittee on Hazards to 
Service Reliability in Modem 
Generating Stations 

This subcommittee has endeavored to obtain dis¬ 
cussion by designers and operators of generating plants 
regarding the major hazards that have developed to 
station capacity as the result of recent trends in the 


design features of modern power generating stations. 
Modem stations are characterized in the main by 
magnitude of total capacity and by concentration of 
capacity in individual machines, both electric and 
steam generators. These tendencies apparently have 
not brought to light any new types of hazards, but have 
rather accentuated possibilities of service interruption 
that had already been experienced or predicted. In 
some types of older plants severe intermptions have 
occurred recently, as the result of inadequate or faulty 
design of an earlier date. While the subcommittee 
recognizes that an accident hazard to operating per¬ 
sonnel may develop into a major capacity outage, or 
vice versa, it has not been directly interested in this 
phase of station reliability, realizing that such view¬ 
points are being thoroughly treated by the Accident 
Prevention Committee of the National Electric light 
Association, and by other N. E. L. A. committees deal¬ 
ing with particular machinery applications. Other 
national organizations, such as the American Society of 
Mechanical Engineers and the National Safety Council, 
have devised safety codes covering practically every 
aspect of power plant operation. 

Capadty Hazards in Hydroelectric Generating Plants. 

There are undoubtedly quite a few plants in use that 
suffer severe capacity reductions from ice, trash, and 
occasional failure of auxiliary control, but for all prac¬ 
tical purposes these problems may be regarded as 
solved in the large capacity hydro stations of modern 
design. 

The subcommittee has received notice of some recent 
failures of high head penstocks that were designed and 
constmcted some years ago. The remedy suggested 
has been to have some automatic means, independent of 
electrical or manual control, of shutting off the water 
supply in case of such a failure. This has been done 
by installing valves at the head of important penstocks 
which are capable of operation against full unbalanced 
pressure and which are arranged to close automatically 
with suitable time interval in case the water velocity 
increases above a predetermined value. These valves 
may also be closed from the pow^ house, but it is 
necessary for the attendant to be at the valve in order 
to open it. 

An operating hazard that seems to have been of 
increasing aggravation is over-voltage upon sudden 
loss of load. This has been intensified in cases by the 
use of quick response excitation and high transmission 
line voltages. The remedy seems to have been ad¬ 
ditional overvoltage relays to control the voltage regu¬ 
lators as necessary, supplemented in some instances by 
special governor adjustments. 

Capacity Hazards in Steam-Electric Generating StaMons. 

Some operators, as well as designers, have objected 
to the increasing complexity of electrical control of the 
auxiliaries in steam stations, particularly those em¬ 
ploying the newer systems of boiler plant combustion. 
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The multiplication of automatic safeguards and devices 
has also been condemned as defeating the purpose for 
which they were installed. 

Engineers who are installing the extra large boilers 
and turbines expect a minimum outage from the 
troubles that have been bothersome in the past, such 
as winding failures, blade breakage, and refractory and 
tube replacements. Engineers operating cross-com¬ 
pound turbine units have expressed the opinion that 
outage of one element practically means the outage 
of the entire unit. There seems to be a slight better¬ 
ment of operating availability of boilers and turbines, 
but blade failures and winding burnouts still continue 
to be reported, notwithstanding the intensive re¬ 
search and improvement that has been accomplished 
in the selection and fabrication of materials. 

Particular Electrical Hazards. 

The fire hazard in the operation of modern power 
systems still seems to be one that deserves considerable 
thought. Fires resulting from the failure of oil filled 
equipment, such as oil circuit breakers, regulators, and 
transformers, with the resulting spread of oil throughout 
the station, are probably the most common and the most 
serious hazard, judging from the reports from the various 
operating companies. It seems that fires of this nature 
have in many cases resulted from the breaking of oil 
gages in oil filled equipment, permitting the escape of 
oil in the station to other apparatus and in turn breaking 
oil gages on that equipment and so on until serious 
fires have resulted. The solution so far has been the 
application of ball check valves to back up the oil 
gages and to design the station so that escaping oil is 
confined locally. It seems that serious consideration 
should be given to the perfection of an unbreakable 
oil gage. 

The oil circuit breaker problem, while of considerable 
standing, is being constantly presented by the growth 
of interconnected capacity. Serious damage is re¬ 
ported in switch houses due to the spreading of vapors 
arising from short circuits and faults to ground. In 
some cases the solution of this problem has been the 
complete insulation of the busses; in some other in¬ 
stances firewalls have been installed; but in most cases 
the spreading of such vapors is minimized by cutting out 
the faulty section of the bus as quickly as possible after 
the fault develops, by a proper relay system. 

One of the greatest hazards in a generating station is 
that of a bus short circuit and the resulting effects on 
system stability. A bus short circuit in a generating 
station usually requires the unloading and the resyn- 
chronizing of those generators connected to the faulty 
bus. If system stability is to be insured at all times, 
the following requirements must be met: 

1. Each generator must be normally connected to at 
least two separately insulated busses. 

2. The total reactance in series with the generators 
must be low for normal current flow in order to insure 
good voltage regulation. 


3. The reactance, including that of the generator, 
between each generator and a short circuited bus must 
be on the order of 60 per cent if the generators are to 
maintain a substantial voltage on the non-short-cir- 
cuited bus. 

4. A short circuit on one bus should result in a ten¬ 
dency of the generators to raise the voltage an amount 
sufficient to compensate for the voltage drop produced 
in the generators by the short circuit. 

A method has been proposed in which each generator 
is connected to two separately insulated high-voltage 
busses through a transformer having two separately 
insulated high-voltage windings. Such a transformer 
would be similar to the 83,333-kv-a. transformer on the 
system of the Buffalo General Electric Company. The 
transformer for the proposed scheme would be designed 
to have an impedance from the primary to one secon¬ 
dary winding of approximately 50 per cent, and from 
the primary to the two secondary windings, feeding 
balanced load, of approximately 15 per cent. Such a 
transformer, when operating with a generator adapted 
to feed a maximum current of 150 per cent at 75 per 
cent voltage, will automatically step the voltage to zero 
on the short-circuited bus and to 105 per cent on the 
non-short-circuited bus. If the maximum permissible 
instantaneous short circuit that can be permitted to 
flow from the generators to one bus is limited to 
1,500,000 kv-a., then with a total normal reactance, 
including 10 per cent generator reactance, between the 
generator and the high-tension bus of 25 per cent, the 
maximum generator capacity that can be connected to 
a single bus is 375,000 W-a. On the other hand, if the 
double-wound secondary transformer with a total re¬ 
actance of 60 per cent to a short circuit on either bus 
(including 10 per cent generator reactance) is used, then 
900,000-kv-a. capacity may be tied to a single bus, and 
either one of such a pair of busses may be short-circuited 
with practically no danger of any machine pulling out of 
step. This is probably as great a capacity as will be 
concentrated in any one station for some years to come. 

It is obvious that if an ultimate station capacity, 
greater than 900,000 kv-a. is expected, three such busses 
could be used and three such secondary transformer 
windings, each corresponding secondary winding in 
each transformer bank being connected to one of the 
three busses. 

Other methods of enhancing system stability in case 
of trouble include the paralleling of generator groups at 
a distance from the generating station, and the use of 
two winding generators whose windings are connected 
to bus sections separated by proper reactance. 
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Discussion 

P. B. Junke: How long will the present growth of systems 
continue? During the last twenty years, the systems have been 
about multiplied by eleven. If the same growth continues in the 
next ten years, we shall have quantities to deal with that per¬ 
haps few of us give consideration to at the present time. 

In Chicago, whereas at the present time we have a system 
total of about 1,400,000 kw., by 1940 the estimated load will be 
on the order of 4,000,000 lew. 

Another topic that needs discussion is the subject of rehabili¬ 
tation of plant. In our system we have old plants to the extent 
of about 300,000 kw., and quite often the thought has been sug¬ 
gested to rehabilitate these. If we look at our composite load 
curve, we find that this old capacity, written off for all practical 
purposes, serves a very useful function. It carries the peak load 
of the system quite nicely for a period of about three or four 
hundred hours a year. That is perhaps the best function it can 
perform and the capacity in that form is perhaps the cheapest 
that can be obtained for that purpose. 

In the report a suggestion is made that new plants be built’for 
peak purposes at rather low cost. Where you have old capacity 
available for such a purpose, I think that is the very cheapest 
kind of capacity to be preserved for such a function. 

One other subject dealt with in the paper entitled Synchronized 
at the Load, must be given thorough consideration, that is, the 
splitting up of certain systems into sections relatively safe under 
all conditions. I would suggest that this topic be given additional 
study and consideration as one of the outstanding problems. 
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To the Board of Directors: 

The work of the Committee on Power Transmission 
and Distribution covers a wide field and may logically 
be divided into the following classifications: 

T .ig htniTig and surge problems on overhead lines 

Insulator design for overhead lines 

Design of towers and poles for overhead systems 

Cable development for underground systems 

System connections and stability factors 

Standardization activity 

Research activity. 

The work carried on this year has been confined to 
the lightning and insulator problems handled by a 
subcommittee under the leadership of Mr. Spom, cable 
development handled by a subcomimittee under the 
direction of Mr. Peterson, and system connections and 
stability factors handled by a subcommittee under the 
direction of Mr. Evans, with Mr. Farmer coordinating 
the standardization activities and the research work 
carried on under the direction of a joint research 
committee working under the auspices of the N. E. L. A. 
Underground Systems Committee, Association of Edi¬ 
son Illuminating Companies’ Committee on High Ten¬ 
sion Cable, and the Power Transmission and Distribu¬ 
tion Committee of the A. I. E. E. 

The problems arising under the above activities are 
so closely related with similar problems handled by 
other committees of the Institute and other organiza¬ 
tions that considerable attention has been given to 
coordinating this work so as to eliminate unnecessary 
duplication and at the same time insure the proper 
hfl-TiHliTig of all subjects. In light of this condition, 
your committee has not initiated any work on inductive 
coordination and any consideration of the interference 
aspect of such subjects is being tied in with the work of 
the Joint General Committee and the activity of the 
work on stability factors and interconnection has been 
referred to the Committee on Coordination of Institute 
Activities for assistance in subdividing this work be¬ 
tween the various committees. 
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Presmted at the Summer Convention of the A. J. E. E., Swamp 
acott, Mass., June 1989. 


A summary of the developments and problems arising 
during the year is covered in the following reports 
from the subcommittees: 

SUBCOMMITTEE ON LIGHTNING AND 
INSULATORS 

PHILIP SPORN, CHAIRMAN 

General Aspects op the Lightnd^g Problem 

Lightning disturbances on electric circuits have 
always been a problem; the importance of these dis¬ 
turbances becomes greater with the increase of inter¬ 
connecting high-voltage lines, transmitting large blocks 
of power, which now form the backbone of interconnec¬ 
tion and in many cases the basis of economic genera¬ 
tion. The transmission line, therefore, becomes a vital 
link in the electric circuit; and lightning, by its adverse 
effect on its operation, its worst enemy. The demand 
for more reliable line operation, from a lightning staiid- 
point, has started investigation and research, begin¬ 
ning with isolated field investigations with, crude and 
limited instruments, next laboratory research with the 
lightning generator, and then to field investigation with 
the klydonograph and surge recorder, and finally to the 
cathode ray oscillograph in both the laboratory and 
field. 

Both the laboratory and field have contributed to the 
solution of the lightning problem. The laboratory by 
offering complete and easy control of the lightning wave 
has, of course, rendered investigations far more simple 
than field research. 

Theory, too, has contributed its part in studying the 
mechanism of cloud formation and lightning discharges, 
the breakdown of the discharge path, the influence of 
ground wires, the characteristics of the electrostatic 
field, the effect of traveling waves on electric circuits, 
and the shape and effect of different shapes of traveling 
waves on the insulation strength of the line and the 
connected apparatus. A noteworthy contribution to 
the study by the field is the record of lightning dis¬ 
turbances and trouble on lines as encountered in actual 
service, together with complete storm data where 
available. 

Finally, an extension of the development has been 
made in combining the laboratory and field in the form 
of artifically created lightning imposed on actual trans¬ 
mission lines. Certain problems that prove difficult 
of solution, such as wave propagation, can best be 
handled that way. 

With this background it is clear the solution of the 
lightning problem has received progression accelerar 
tion the past few years, and a large amount of lightning 
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data, has been secured and many of the results published 
in the technical press. Even with considerable theore¬ 
tical analysis, and with laboratory and field data avail¬ 
able, the lightning problem is not solved. Some phases 
of lightning are only partly known; others are in dis¬ 
pute; and some are definitely not known. 

Committee Program Planned 

One of the undertakings of the committee is to out¬ 
line what is definitely known about lightning as affect¬ 
ing electric circuits, and include in this subject impor¬ 
tant factors on which there is general agreement. On 
phases of the problem where there is disagreement, 
it is hoped and expected a thorough discussion and 
analysis will produce an agreement on most if not all 
disputed points. Where investigations are carried on 
independently and without coordination, it is to be 
expected different conclusions may be drawn. Perhaps 
it is well this should initially be so, since coordination, 
when a problem is first attacked, might stifle original 
ideas and tend to place the whole investigation in a 
rut. It is believed, however, that in the case of the 
lightning problem, this stage has passed, and that there 
is room now; for reaching a definite understanding on 
many phases of the work. Such an understanding, it 
is believed, will be of great value to all investigators, 
manufacturers, and utility engineers and operators. 

With past lightning data and theories correlated, as 
above outlined, it should be possible to state clearly 
what additional information is needed, and to indicate 
what is most urgently needed. The committee plans 
to do this. 

The past lightning investigation work in the field has 
been done on the higher voltage circuits, largely, as 
previously pointed out, due to their importance in the 
electrical network. However, it is felt desirable to 
apply the information already secured to the lower 
voltage systems, and even to the distribution networks. 
A general survey of both transmission and distribution 
systems is planned to determine how lightning affects 
both. This requires analysis from theoretical, operat¬ 
ing, and the economic points of view. 

The lightning problem on electric circuits is primarily 
an insulation problem, and consequently requires not 
only a study of voltages which may occur, and the 
nature of those voltages, but also the distribution of 
insulation in the apparatus and on the electric system 
to prevent any electric breakdown if possible, but in 
any case to localize trouble at a predetermined and 
least damaging point. This at once requires a broad 
consideration of the insulation of the lines and con¬ 
nected apparatus as related to each other. 

Remedial measures against lightning and beneficial 
accessories where power arcs follow up will require 
thorough analysis supported by operating experience. 
These include lightning arresters, groimd wires, grad¬ 
ing shields, insulated ground wires, protective gaps, 
insulation of wood poles and crossarms, insulated guy 
wires, fused arcing rings, etc. Here too, a balance is 


required between the beneficial effects expected, or 
proved to exist and increase in reliability of service and 
cost. 

Lightning Progress During 1928 

During the past year some dozen field investigations 
have been in progress by the operating companies in 
cooperation, in most cases, with the manufacturers. 
Many data have been added to our present store 
regarding the magnitude of lightning voltages on trans¬ 
mission lines, attenuation of this voltage, and charac¬ 
teristics of traveling waves. Three cathode ray oscil¬ 
lographs have been in operation during part of the 1928 
lightning season, and two photograph’s ’of actual light¬ 
ning voltage recorded. While many more data are 
needed on lightning wave characteristics, this is a note¬ 
worthy beginning. 

A method of attacking the lightning problem, as men¬ 
tioned above, has been put into use again in the past 
year. This consists of placing artificial lightning surges 
on actual transmission lines and observing with the cath¬ 
ode ray oscillograph the behavior of the wave at short- 
circuited and open-circuited points on the line, and 
further determining attenuation of the wave. This 
investigation has been very useful in studying the 
behavior of the lightning wave, and promises much 
for the future. 

The past year has seen the continuation of ground 
wires being used on new lines, and their addition to 
some existing lines. The grading shields on insulator 
strings, extensively used in the past few years, have 
been in many cases installed on new lines. The prac¬ 
tise of reducing the line insulation for a mile or so out 
from the substation, to protect station equipment from 
lightning, has been extended. Additional (more than 
one—in some cases three total) ground wires have 
been installed from the substation out for the first two 
towers or so on the line, to reduce the line surge impe¬ 
dance, and as a further protection against direct strokes. 
In some cases these additional ground wires have been 
carried on separate structures. 

Research Work in Progress 

Surge investigation installations are in progress on 
the transmission lines of a number of operating com¬ 
panies. Some ten or twelve cathode ray oscillographs 
are planned to be in operation on actual lines during 
the summer of 1929 to record lightning waves. Two or 
more additional installations to record the performance 
of artificial lightning are also planned for this summer. 
It can be seen that quite an extensive program has been 
planned; and it is expected effective work will be 
accomplished. 

The great number of papers and articles which 
appeared during the past year on lightning and related 
subjects affecting the transmission system from the 
lightning point of view, clearly indicates the growing 
importance of the lightning problem. They further 
show the many angles of attack from which investi- 
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gators are working. A list of the more important 
papers and articles, which have come to the committee’s 
attention, is given below. 

Biblioqbaphy of Lighting Litbratubb Appearing in 1928 

TO April 1, 1929 

1. Transmission and Distribution, Annual Report of Com¬ 
mittee on Power Transmission and Distribution, A. I. E. E. 
Quarterly Trans., Vol. 48, October 1928, p. 217. 

2. Power Transmission and Distribution, . Concluding 
Report of the 1927-1928 Sub-Committee, A. I. E. E. Quarterly 
Trans., Vol. 48, April 1929, p. 487. 

3. A Graphical Theory of Traoeiing Electric Waves, by V. 
Karapetoff, A. I. E. E. Quarterly Trans., Vol. 48, April 1929, 
p. 508. 

4. Progress in Ldghtning Research in the Field and Lahoraiory, 
by F. W. Peek, Jr., A. I, E. E. Quarterly Trans., Vol. 48, April 
1929, p. 436. 

5. 19^7 Lightning Experience onlSS-Kv. Transmission Lines, 
by Philip Sporn, A. I. E. E. Quarterly TRans., Vol. 48, April 
1929, p. 480. 

6. Theoretical and Field Investigation of Lightning, by C. L. 
Portescue, A. L. Atherton, and J. H. Cox, A. I. B. E. Quarterly 
Trans., Vol. 48, April 1929, p. 449. 

7. Electric Oscillations in the Double Circuit S-Phase Trans¬ 
mission Line, by Y. Satoh, A. I. E. E. Quarterly Trans., Vol. 47, 

Jan. 1928, p. 68. . 

8. Surge Impulse Breakdown of Air^ by J. J. Torok, A. I. 
E. E. Quarterly Trans., Vol. 47, April 1928, p. 349. 

9. The Cathode Oscillograph as Used in the Study of Lightning, 
etc., by Harald Norinder, A. I. B. E. Quarterly Trans., Vol. 47, 
April 1928, p. 446. 

10. 19Be Lightning Experience on ISS-Kv. Transmission 
Lines, by Philip Spom, A. I. E. E. Quarterly Trans., Vol. 47, 
April 1928, p. 668. 

11. Relation between Transmission Line Insulation and 
Transforvnor Insulation, by W. W. Lewis, A. I. B. B. Quarterly 
Trans., Vol. 47, October 1928, p. 987. 

12. Rationalization of Transmission System Insulation 
Strength, by Philip Spom, A. I. E. E. Quarterly Trans., Vol. 47, 
October 1928, p. 998. 

13. Surge VoUage Investigation on Transmission Lines, by 
W. W. Lewis, A. I. E. E. Quarterly Trans., Vol. 47, October 


23. “A Theory of Lightning,” by O. D. Fortoscue, EUc. Jl, 

May 1928, p. 221. . • 

24. “Some Electrophysical Conditions determining Light^ 
Surges,” by Harald Norinder, Franklin, Inst. Jl-, June 

D 747 

25/4 TypecfBot Cathode OeciHograph o.ndii, Applieor 

lion to Automatic Recording of UgMning and SuntcMng SurffM, 
T> XT A T TO IT. OnartArlv TRANS*, VoL 4o, JUly 


26. Investigation of Transmission Lines with Art^cial Light¬ 
ning, by K. B. McEachron, A. I. B. B. Quarterly Trans., Vol. 
48, July 1929. 

SUBCOMMITTEE ON CABLE DEVELOPMENT 


T. P. PETERSON, CHAIRMAN 


General Statement 

The portion of last year’s Powor. Transmi^ion and 
Distribution Committee Report dealing with cable 
developments included descriptions of what might be 
considered remarkable advances and great strides in 
the trans mis sion art. Of these, the design, installation, 
and operation of 132-kv. oil-filled cable were most 
notable. This year nothing so sensational is to be 
noted. Practically all development and improvement 
seem to have been characterized by a tendency toward 
review and analysis of existing practises, stabilization, 
and reduction of known methods and principles to 
economic and practical feasibility. These ^ have ap¬ 
parently constituted the bases for such crucial investi¬ 
gations of paper insulated cable of the so-called solid 
type, sheath corrosion, sheath current mitigation, 
temperatures of conduits, etc., as have been reported 
in the technical press throughout the year. The 
splendid cooperation and coordination of results 
evidenced by various organizations, utilities, and manu¬ 
facturers engaged in the improvement of cable bids fair 
toward hastening the day of our profound understand¬ 
ing of cable and its operation. 


1928, p. nil. 

14. Lightning Investigation on New England Power Company s 
System, by E. W. Dillard, A. I. E. E. Quarterly Trans., Vol. 47, 
October 1928, p. 1122. 

15. Surge VoUage Investigation on the I 4 O-KV. System of the 
Consumers Power Company during 1987, by J. G. Hemstreet aud 
J. R. Eaton, A. I. E. E. Quarterly Trans., Vol. 47, October 1928, 

p. 1125. „ . . 

16. Surge VoUage Investigation on the lS8-Kv. Transmission 

Lines of the American Gas and Electric Company, by Philip Sporn, 
A. I. E. E. Quarterly Trans., Vol. 47, October 1928, p. 1132. 

17. Surge VoUage Investigation on 880-Kv. System of Pennsyl¬ 
vania Power and Light Company, by N. N. Smeloft, A. I. E. E. 
Quarterly Trans., Vol. 47, October 1928, p. 1140. 

18. Lightning Arrester Problems, by A. L. Atherton, A. I. E. E. 
Quarterly Trans., Vol. 48, January 1929, p. 141. 

19. High-Voltage Phenomena in Thunderstorms, by M. A. 
Lissman, A. I. E. E. Quarterly Trans., Vol. 48, January 1929, 
p. 146. 

20. Impulse Flashover of Insulators, by J. J. Torok and W. 
Ramberg, A. I. E. E. Quarterly Trans., Vol. 48, January 1929, 
p 239 

21 . “Plans for Lightning Tests,” by A. L. Atherton, Elec. 
World, July 1928, p. 165. 

22. “Effect of Ground Wires on Traveling Waves,” by J. H. 
Cox and J. Slepian, Elec. World, September 1928, p. 661. 


Research 

Though the research may not, of itself, constitute 
development (taking this in the sense of completion), 
experience has indicated that it undoubtedly frames the 
potentialities for development. It is probably not gen¬ 
erally appreciated how much research work on high-ten¬ 
sion cable is now being done. The annual report of the 
Impregnated Paper-Insulated Cable Research Sub¬ 
committee (this is a joint subcommittee of the Under¬ 
ground Systems Committee, NT. E. L. A., the High 
Tension Cable Committee, A. E. I. C., and the Power 
Transmission and Distribution Committee, A. I. E. E.) 
gives a comprehensive picture of the extent of these 
activities in the industry, from which it is evident that 
expenditures on research have been greatly increased 
in recent years. A significant feature in this connec¬ 
tion is the cooperative spirit displayed in the industry. 
Much work is being done directly imder cooperative 
auspices but even that which is done under private 
auspices is reported freely to the industry. This augurs 
well for the development of the art to the mutual 
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advantage of all concerned,—central station companies, 
manufacturers, and the public. 

Accomplishments to date have been variously 
reported to the A. I. E. E. and A. E. 1. C. The annual 
report of the aforementioned joint subcommittee in¬ 
cludes a r4sum6 of ail activities. 

At Massachusetts Institute of Technology, under the 
direction of Professor Bush, there has been concluded 
an extensive investigation of the rate of deterioration 
of wood pulp paper for cable insulation when subjected 
to heat alone. The final conclusions reached are to the 
effect that impregnated wood pulp paper now being 
used in cables will withstand a temperature at least as 
high as that which manilla paper will withstand and, 
in so far as the rate of deterioration of the paper itself 
is concerned, the permissible operating temperatures 
of high-tension cable could be considerably higher than 
those now prescribed. 

At Johns Hopkins University, the study of the effects 
of residual air and moisture in the insulation is pro¬ 
gressing. Results already available point to the rela¬ 
tive unimportance of extremely low air pressure of im¬ 
pregnation for obtaining excellent power factor—^voltage 
curves. It appears that difficulties with commercial 
cables are due very largely to extended areas of en¬ 
trapped air and gases resulting from imperfect impreg¬ 
nation, distortion in handling, or expansion of the 
lead sheath. 

The study of the laws governing ionization character¬ 
istics of cable insulation has progressed at Harvard 
University to the point where simple empirical equa¬ 
tions have been established for the experimental curves 
obtained. 

The work at these and other universities has been 
closely followed and supplemented by individual 
researches conducted by various manufacturers and 
central station companies. At Brooklyn, accelerated 
life tests on cable, studies of the stability of impreg¬ 
nating compounds, and the ultimate nature of break¬ 
down of gaseous spaces comprise some of the problems 
receiving attention. The research staff of the Detroit 
Edison Company has made extended laboratory and 
field tests of insulation of the solid type. These have 
included the study of the rate of oil absorption, gas 
generation, and change of power factor of cables in 
service, as well as investigations of hydrostatic pressure 
variation with temperature of cable and the develop¬ 
ment of a suitable laboratory test which will make 
cable deteriorate in the same manner in which it does 
in service. The Commonwealth. Edison Company, 
through the Utilities Research Commission, is conduct¬ 
ing elaborate theoretical studies of the fundamental 
nature of insulation as, for example, the significance of 
the dielectric strength of insulation, by Professor 
Compton at .the University of Chicago, the determina¬ 
tion of the relation of dielectric absorption and dielectric 
losses by Professor Whitehead at Johns Hopkins, and 
the study of the physical properties of ordinary cable 


lead sheaths by Professor Moore at Illinois. In addi¬ 
tion to this, they have contributed much of a more 
or less practical nature. 

Developments in Practise 

In last year’s report mention was made of the placing 
in service of 18 miles of 132-kv. lines in -Chicago and 
New York. It is worthy of note that these lines have 
continued to operate up to the present date without 
electrical failures. An additional 12 miles of circuit 
at 132-kv. is now being installed in New York, the 
cable being of the hollow core, oil-filled t 3 q)e,in general 
similar to that in use on the previous lines. An im¬ 
portant advancement in the method of installation has 
been made in that it is now possible to install the cable 
filled with oil, thereby eliminating the field impreg¬ 
nation which was required on the first circuits. 

The several installations throughout the country of 
45-kv. and 66-kv. single-conductor cables of the solid 
insulation type have continued to give satisfactory 
service. The use of oil reservoirs on the joints has 
proved very beneficial as far as the joints are concerned 
and thus far the possible trouble which some engineers 
have feared from the expansion of the cable sheaths 
has not been manifested. 

During the past year, a pioneer installation of three- 
conductor oil-filled cable has been made in Chicago. 
This particular circuit was designed for 33-kv. opera¬ 
tion but it is expected that cables of similar construction 
can be built for voltages up to 66 kv. The possibility 
of reducing the thickness of the insulation by means of 
the oil-filled construction apparently will make it 
feasible to increase the amount of power which can be 
transmitted through a duct and it is quite probable 
that if this development gives satisfactory operating 
results, there will be a considerable trend toward the 
use of three-conductor cables in the range of 33 to 66 
kv. The improved regulation of three-conductor 
cables and the elimination of sheath losses are other 
features which make this type of construction appear 
attractive as compared to single-conductor cables. 
The shielded or Hochstadter type of construction con¬ 
tinues to find favor for three-conductor cables designed 
for working voltages in the range of 22 to 33 kv. 

For the lower voltages, including cables operating at 
voltages between 11 kv. and 15 kv., three-conductor 
cables and single-conductor cables installed three per 
duct have been used more or less indiscriminately, 
advantages being claimed for both. With the prospect 
that cables of this class will be used rather extensively 
in the future as a primary supply to a-c. low-voltage 
networks, the question of regulation has become of 
considerable importance and the superior character¬ 
istics, in this respect, of three-conductor cables, may 
henceforth carry considerable weight. 

Notwithstanding this trend, there have been pre¬ 
sented several papers (referred to elsewhere) embodsnng 
in a very tangible way economic studies of sheath cur- 
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rent elimination in single-conductor cables and losses 
in armored single-conductor cable. These, coupled 
with the development of new types of insulating sleeves, 
the H and N sheath bonding transformer and similar 
equipment, is evidence of the widespread interest in 
this field. 

It has long been felt that our present method of 
rating cables, based on temperature limit of insulation, 
was, to say the least, unsound. The lack of a suitable 
alternative bias accounted for the retention of the 
present method. As an example of the coordination 
of effort referred to heretofore, we point to a structure 
of understanding which is being built up to alter these 
conditions. The work at M. I. T. has definitely estab¬ 
lished the fact that, based on deterioration due solely 
to temperature, cable may be operated at considerably 
higher values than at present. It is recognized, how¬ 
ever, that other factors enter which are the controlling 
ones. At Chicago and Detroit, systematic studies of 
the performance of cable fitted with oil-filled joints 
and under cyclic loading have been under way. At the 
former place, numerous tests have been made to deter¬ 
mine the effect of various manhole designs on the ability 
of cable sheath to withstand the expansion and com 
traction incidental to normal operation. The Electrical 
Testing Laboratories and others are adding to our 
information by making like tests under repeated load¬ 
ings. In other quarters, very extensive surveys of 
conduit and soil temperatures have been made and 
methods have been evolved for the determination of 
cable temperature when the loading and ambient 
conditions are known. It is evident that, with such a 
mass of data becoming available, we should, before long, 
be in a position to set up a rational method of rating 
cable. 

During the past year, considerable interest has been 
exhibited in sheath corrosion. Several companies have 
observed the formation on lead sheath of various red, 
orange, and white compounds. Inasmuch as these, 
especially the red lead oxide, made their appearance on 
cable installed in monolithic concrete duct which was 
coming into very general use, they gave rise to con¬ 
siderable alarm among those operating and extending 
such systems. Almost coincidently, there was reported 
considerable corrosion of lead sheath in creosoted wood 
ducts. 

These apparently baffling problems were the subject 
of attention of the Utilities, N. E. L. A., and the Port¬ 
land Cement Association. Through their concerted 
effort, the contributing factors were soon laid bare and 
palliative measures were introduced, with the result 
that, at the present time, little fear is felt for troubles of 
the type mentioned. In the case of the concrete duct, 
it appears that the presence of calcium hydroxide from 
the concrete, water, and a-c. electrolysis or slowly 
reversing currents conspire to produce the oxide. 
Elimination of water and electrolysis would un¬ 
doubtedly prevent the formation. In addition, if the 


concrete is allowed to stand for approximately 28 days, 
during which time the calcium hydroxide is changed to 
calcium carbonate, and if the concrete is sufficiently 
dense to prevent water from permeating it and dissolv¬ 
ing additional calcium hydroxide, cables should be 
relatively free from corrosion of this type. 

Corrosion in wood ducts was found to be due to the 
attack of the lead by acetic acid, of which there was 
considerable amount evolved from the Douglas fir 
used for the conduit. The remedial measure applied 
in this case was to introduce ammonia gas into the duct, 
thus neutralizing the acid. 

Specifications, Testing, and Operation op Cable 

There has been no important change in cable inspec¬ 
tion and testing practise, during the year. Specifica¬ 
tions remain practically unchanged except for an in¬ 
crease in test voltages for single-conductor and shielded 
type multiple conductor cables, as well as a decrease in 
the allowable ionization factor in high-voltage cables. 
As in previous years, a survey of the test results ob¬ 
tained shows a general trend in the direction of improve¬ 
ment. This is indicated by the percentage of deficien¬ 
cies and the uniformity of insulation resistance, power 
factor, and ionization factor. This consistent trend 
toward improvement is now being reflected in* decidedly 
better operation of cable as revealed in annual reports 
of operation which have been compiled. Analytical 
studies of the mass of data that are collected annually 
in connection with acceptance inspection and testing 
of cable and of failures of cable which occur in service, 
have been carried on for several years. The value of 
these studies as an aid in improving cable having been 
demonstrated, more effective means of carrying them 
on has been developed under the cooperative auspices 
of the. National Electric light Association and the 
Association of Edison Illuminating Companies. This 
development is another indication of the cooperation 
which exists in the industry and which cannot help 
but be a great aid to progress. 

The need for this progress is quite evident when 
cognizance is taken of the fact that it is generally con¬ 
ceded that, even with the multiplicity of tests which 
we now apply, we have no means of predicting with 
certainty whether cable will give satisfactory service 
and we have nothing which is a final measure of cable 
quality. However, wdth such concerted effort and 
cooperative action as have been described throughout 
this report, there is every reason to believe that this 
condition mil not obtain for any great length of time. 

Technical Papers on Related Subjects 

This report is essentially a r4sum4 of subjects covered 
in such papers as the following: 

Bftiley, Heat Flow from Underground Electric Power Cables, 

A. I. E. E. Quarterly Tbans., Vol. 48, Jean. 1929, p. 156. 
Btjbns and Fbeed, Corrosion of Cable Sheath in Creosoted' Wood 

Conduits, A. I. E. E. Quarterly Tbans., Vol. 48, Jan. 1929, 

p. 166. 
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Shankun and Mackat, High-Tension Underground Cable 
Research and Deodopment, A. I. E. E. Quarterly Trans., 
Vol. 48, April 1929, p. 338. 

Davis and Eddt, Some Problems in High-Voltage Cable Develop¬ 
ment, A. I. E. E. Quarterly Trans., Vol. 48, April 1929, 
p. 373. 

Dawes, Reichard, and Humphries, Ionization Studies in Paper- 
Insulated Cables, A. I. E. E. Quarterly Trans., Vol. 48, 
April 1929, p. 382. 

HaIiPEBin and Miller, Reduction of Sheath Losses in Single- 
Conductor Cables, A. I. B. E. Quarterly Trans., Vol. 48, 
April 1929, p. 399. 

ScHURiQ, Kuehni, and Bullbr, Losses in Armored Single-Con¬ 
ductor Lead-Covered Cable, A. I. E. E. Quarterly Trans., 
Vol. 48, April 1929, p. 417. 

Whitehead and Marvin, Anomalous Conduction as a Cause of 
Dielectric Absorption, A. I. E. E. Quarterly Trans., Vol. 48, 
April 1929, p. 299. 

Kitchin, Power Factor and Dielectric Constant in Viscous Liquid 
Dielectric, A. I. B. E. Quarterly Trans., Vol. 48, April 1929, 
p. 495. 

Publications of N. E. L. A. and Reports of A. E. I. C. for year 
1928. 

STANDARDIZATION ACTIVITY 

P. M. PAEMER, CHAIRMAN 

The following is a brief summary of standardization 
activities which have been consummated during the 
year. 

1. Section No. 30 of the Standards of the A. I. E. E. 
dealing with wires and cables has been submitted to the 
American Standards Association for ratification as an 
American Standard (minus certain items which are 
now imder discussion). 

2. Specifications for annealed copper wire both bare 
and tinned were approved as American Standard by 
the American Standards Association, June 12, 1928. 

3. Specifications for 30 per cent rubber insulation for 
wire and cable for general purposes were approved by 
the American Standards Association as tentative 
American Standard, April 2, 1928. 

4. Specifications for magnet wire were approved 
by the American Standards Association as tentative 

, American Standard, April 2, 1928. 

A number of matters dealing with wires and cables 
is in the course of development to the standardization 
stege. Specifications for impregnated paper insula¬ 
tion, specifications for varnished cloth insulation, and 
specifications for weatherproof heat resisting and other 
coverings are being developed by the Sectional Com¬ 
mittee on Wires and Cables of the American Standards 
Association. Similarly, progress is being made with 
the development of a standard stranding table for 
stranded conductors by the same committee. 

Infonnal arrangements have been made between the 
appropriate committees of the National Electric Light 
Association and the Association of Edison Illuminating 
Companies for the coordinated collection and study of 
cable failures on a standardized basis. 


SUBCOMMITTEE ON INTERCONNECTION 
AND STABILITY FACTORS 

R. D. EVANS, CHAIRMAN 

Interconnection of power systems has been brought 
about as a natural result of consolidation under a com¬ 
mon management or as a measure to reduce investment 
or operating expense of systems under separate manage¬ 
ments. The general advantages, such as those arising 
from load diversity, generating reserve, and utilization 
of stream flow plants, have been recognized for some 
time. The problems at hand have to do with the 
determination of the economy of a particular under¬ 
taking and the selection of the best method of canying 
out the interconnection. 

One of the most important aspects is the reliability 
of the power supply obtained from the interconnection. 
Reliability depends to a large extent on the vulnerability 
of the system and the stability of the system, i, e., its 
capacity to maintain the machines in synchronism at 
times of system disturbances. These problems are 
very prominent in the field of power transmission, as 
the means of interconnection consist of transmission 
lines or ties with the associated transformers and 
switching equipment, and as the location, number, and 
ch^cter of these ties largely determine the service¬ 
ability of the interconnection. 

The study of system connections is a development 
whose importance has recently become generally recog¬ 
nized. While it is true that different power system 
connections have developed in different parts of the 
country, these differences could largely be explained 
because of the difference in the local situation as to the 
transmission distance, the density, and the distribution 
of the load. Increase in the extent of systems and of 
interconnection has made it necessary to give considera¬ 
tion to what are commonly called “System Problems,'" 
of which stability may be cited as an example. Sta¬ 
bility was first carefully analyzed in connection with 
long-distance power transmission. More recently, 
these principles are being applied in the study of the 
dosely-connected systems. 

The plan of operation of interconnected systems may 
be premised on either the maintenance of synchronism 
at times of system disturbances or upon the separation 
of the systems. In the latter case the system may be 
split at fixed points or at variable points to coordinate 
connected load and generating capacity. At the present 
time it is not possible to draw any general conclusions 
as to the proper field of application of these different 
methods of operation. 

In the design of systems to maintain stability, several 
distinct methods are recognizable. Synchronism may 
be maintained (1) by measures which increase the 
synchronizing power which may be transferred between 
the machines, as by the use of low reactance tie lines 
or the application of quick response excitation; (2) by 
measures which limit the severity of the shocks to the 
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system occasioned by faults, as may be affected by the 
use of individual lines of high reactance or by quicker 
fault isolation; or (3) by a system layout which causes 
the shock to be distributed to the various machines in 
such a way as to accelerate or decelerate them as a unit. 

In order to improve stability, special attention is 
being given to the characteristics of apparatus to be 
used on extensive systems and interconnections. 
From the standpoint of stability, governors should 
operate quickly and should possess anti-hunting fea¬ 
tures tending to reduce oscillations after disturbances. 
Governor operation in direct response to fault in¬ 
dications may prove advantageous. Field test to 
indicate performance of governors under transient con¬ 
ditions would be very desirable. 

In generators, high short circuit ratio and low tran¬ 
sient reactance are of benefit in improving the power 
limits. The use of the proper kind of excitation system 
extends the power limit under both steady state and 
transient conditions and may largely overcome the 
disadvantages of low short circuit ratio. Low transient 
reactance will improve the stability conditions at times 
of system fault. In general, a study should be made to 
determine in each case the proper value of machine 
transient reactance which depends upon line and trans¬ 
former as well as generator costs. 

Consideration is being given to the use of damper 
windings in waterwheel generators. Damper windings 
tend to improve stability by virtue of their damping 
action and to decrease stability because of the increase 
in fault current due to the reduction in negative phase 
sequence reactance of the generator. Investigations 
have indicated that in certain cases damper windings 
may be advantageous provided they are of the proper 
characteristics. 

Excitation systems capable of quick response are 
effective in improving stability under steady state and 
particularly under transient conditions. In special 
cases the use of synchronous condensers wholly or 
principally as an aid to stability will be found desirable. 
The stabilizing effect of such condensers will be in¬ 
creased by the application of suitable quick response 
excitation systems. 

During the past year actual field tests with quick 
response excitation systems were reported in a paper on 
Power Limit Tests by S. Murray Jones and Robert 
Treat. A general review of stability was presented by 
R. H. Park and E. H. Bancker in their paper on System 
Stability as a Design Problem. 

The investigations by the Lightning Subcommittee 
and the Protective Device Committee on protective 
measures, for minimizing the effects of faults, are very 
pertinent in consideration of the stability problem. 
Measures, such as the high insulation of lines and the 
installation of ground wires, by reducing the number 
of faults are obviously of benefit from the standpoint of 
stability. There is a growing tendency to proportion 
line insulation to service requirements, thus minimiz¬ 


ing the number of faults occurring in exposed areas. 
Ground wires also tend to reduce the value of the 
resistance in the ground connection at a flashover point, 
which may either increase or decrease the resulting 
shock to the system. 

Consideration is being given to power ^c suppression 
devices. Phillip Stewart in his paper oh Fused, Arcing 
Horns and Grading Rings gave the results of operating 
experience. During the past year some interest has 
been shown in the Peterson coil as an arc suppression 
device. riou) 

There is some consideration of the introductionupf 
neutral impedance devices for limiting the shock to the 
system at times of fault to ground. Of course, these 
devices are of advantage from the standpoint of stability 
if they reduce the shock to the system and if they do not 
at the same time increase apparatus failure or line flash- 
over or interfere with the prompt isolation of faults. 

Consideration is being given actively to the matter 
of the duration of the short circuit condition as it is 
clear that the system oscillations are minimized when 
the fault duration is reduced. From this standpoint, 
therefore, higS. speed in both relays and circuit breakers 
is very desirable. 

Extensions of systems and interconnections have 
introduced operating problems important from the 
standpoint of stability. The greater complication of 
the systems requires the human element to a greater 
extent than hitherto, and operating rules are being 
expanded accordingly. The method employed to 
maintain system frequency and to increase prime mover 
input importantly affects stability. Pertinent in this 
connection is the present trend toward the automatic 
control of frequency. 

To insure stable operation it is obviously desirable 
to maintain a high ratio of generating capacity to 
connected load and a high ratio of excitation to load 
on the individual units. In the determination of these 
ratios other considerations will be controlling, but 
stability cannot safely be ignored. The increase in 
size of the individual generating unit makes these 
problems more important than formerly. Excitation 
of machines is usually determined from prescribed 
ranges of bus voltages, but this, unless carefully 
watched, is likely to subject some machines to unduly 
low excitation for either a heavy load or a light load 
condition. Consideration has been given to the inter¬ 
locking of governor and voltage regulators to insure 
that adequate excitation is available before the prime 
mover input is increased. Loss of excitation is rela¬ 
tively infrequent, but when it does occur, severe system 
oscillations are produced. 

The theoretical investigation of stability has pro¬ 
ceeded to a point where fundamental operating data 
are urgently needed. Information as to the operation 
of systems has been obtained in the past principally 
from indicating and graphic instruments which have 
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been provided for the convenience of the operators. 
Dnnng the past few years a number of instruments 
with speed-up devices has been used, but the general 
results have not been entirely satisfactory because of 
the delay in starting the device and the inaccuracies in 
the measuring elements. Recently these objections 
have been reduced by the use of an oscillographic type 
of instrument, and the tendency is to use such devices 
where transient records of disturbances are desired. 
The importance of records of this nature is becoming 
more apparent in reconstructing the nature and extent 
of system disturbances, particularly where considerable 
power is being transmitted over some distance. With 
such data available it will be possible to place the design 
requirements upon a sounder basis; for example, it 
should be possible to determine whether the basis for 
maintaining stability should be predicted upon a single 
fault to ground as is commonly done at present, or 
upon the less frequent double fault to ground. Such 
data will also make it possible in many cases to estimate 
from oscillation with existing loads, the probable 
system disturbance with future loads. 

t 

General Conclusion 

The expansion of the interconnection of systems hq ,c f 
brought numerous problems to the engineer for solution 
and it is to be noted in the foregoing subcommittee 
reports and the several papers presented before the 
Institute that fundamentally different ideas of system 
developments have been brought out to meet the ever 
increasing demand for higher continuity of service and 
greater flexibility of supplying relatively large blocks 
of load from a network system. Your committee 
expects rapid strides to be made within the next few 
yearn in handling distribution problems and predicts 
radical departures from old methods and practises. 

Discussion 

F. W. Gayi Wherever it is possible to transmit power be¬ 
tween two stations over two separate transmission lines on differ¬ 
ent rights-of-way, a method is available for protecting such twin 
lines against the disastrous flow of current over a flashed insulator 
string. 

If each conductor from the source of power at the sending 
station and each conductor to the load at the receiving station 
is each separately connected to the mid point of one of six closely 
interlaced auto-transformers and a pair of conductors (one in 
each twin line) connect the start and finish of a transformer in a 
given phase at one station with the start and finish of a trans¬ 
former in the same phase at the other station, and the entire six 
transformers are so connected, the desired result will be obtained. 

It ■will now be evident that on a system, grounded solidly or 
tltfough the neutral resistance, a fiash to ground on one line 
•will ground an end terminal of each of the two auto-transformers 
connected to that line. The auto-transformer so grounded 
at the sending station will instantly act to step the power 
it receives from the station bus to t-wice normal voltage. 
This power "will be transmitted at t'wice normal voltage over the 
connected conductor in the good (twin) line and will be stepped 
down to normal voltage by the auto-transformer at the recemng 
station. The only current that can flow to the fault is the charg¬ 
ing current of the double-voltaged line and the magnetizing cur¬ 


rent of the two auto-transformers. These currents can be picked 
up by separately insulated low-capacity low-voltage windings 
on the transformers at one end of the line, by suitably connecting 
these low-voltage •windings to a voltage source of the same phase. 
It is obvious 'that ■with such a system, three lines may be simul¬ 
taneously arced over pro^\nded no two such lines are connected to 
a single transformer. Power current cannot follow the arc. The 
are should immediately extinguish. The opening of circuit 
breakers should not be required. 

W. A. Del Mar: The summary of developments in cables is 
very complete as far as the work of the preceding year is 
concerned. 

. There is one thing, however, which I wish had been touched 
upon, because it is a very live subject to those who are interested 
in cable dielectrics. That is the question of what happens to a 
cable sheath when the cable is heated and cooled. There has been 
an interesting discussion between several English cable engineers, 
published in the Electrical Review of London, January 18 and 26, 
February 1 and 16, March 1 and April 26 of this year, and con¬ 
siderable amount of work along similar lines has been done in this 
country by various manufacturers, operating companies, and 
electrical testing labora^tories. 

One of these engineers, C. J. Beaver, referring to British prac¬ 
tise, denies the commonly accepted belief that when a cable is 
heated the lead is stretched beyond the elastic limit. Tliis en¬ 
gineer claims that lead has a real elastic limit and that it is quite 
considerable, i. e., about 260 lb. per sq. in. He does not deny, 
however, that in American practise where higher temperatures 
are obtained, this elastic limit may be exceeded. He is taken to 
task by T. N. Riley, T. R. Scott, and H. G. Wood, and a very 
illuminating discussion results in which a considerable amount 
of experimental data is given which I believe is quite valuable. 

One problem we have before us, is whether cable should be 
completely filled with oil compound or whether it should have a 
certain amount of air. We find considerable difierence of opinion 
among engineers in this regard. The tests that have been made 
rather indicate that a certain amount of air is desirable in the 
insulation in order to make the cable satisfactorily pass an ac¬ 
celerated life test, but on ■the other hand, it has not yet been fully 
proved that these accelerated life tests are representative of the 
cable quality. 

D. W. Roper: The Chairman of the Transmission and Dis¬ 
tribution Committee, in his remarks, predicted that within five 
years most of the large cities of the country would be depending 
on overhead transmission lines for a part of their electrical supply. 
Some years ago the same indication appeared in the Chicago 
region shortly after 132 kv. had been adopted by a number of 
companies in this region as their overhead transmission voltage. 

It also appeared that it would be very desirable and economical 
to have such transmission lines brought directly into one of the 
generating stations, and this involved the use of 132-kv. under¬ 
ground cable. Soihe of 'the cable manufacturers thought that 
such cable would be too expensive to consider seriously, but their 
attention was called to the fact 'that the use of such cable would 
eliminate a substation at the edge of the city whose only function. 
would be to step down the voltage from 132 kv. to a suitable 
voltage for underground cable extending to one of the generating 
stations. Under such conditions, the cost of the cable may not 
be a determining factor, as other conditions •vdll offset, in whole 
or in part, the apparent high cost of the underground cable itself. 

Within the next year 100,000 kw. at 132 kv. will probably be 
brought into Chicago on overhead transmission lines, and in each 
case there will be a few miles of underground cable continuing 
the transmission at full voltage to the nearest generating station. 
Within the next five years this figure may be multiplied by three 
or four. In one case which is in prospect, the distance is so great 
that 132 kv. is not an efdcient transmission voltage, and 
it appears necessary to go to 220 kv. or some higher voltage. 
When that condition arises, we ■will be confronted •with the same 
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conditions that arose in connection with the first 132-kv. trans¬ 
mission line, that is, the desirability of having the transmission 
line continued into the nearest generating station by means of 
underground cable and at full voltage. 

The remarkable success of the 132-kv. oil-filled cable in Chicago 
and in New York, where some 54 mi. of cables have been operat¬ 
ing for about two years without any electrical failures, indicates 
that the cable is being operated well below its safe limit. This 
indication has been verified by measurements which have been 


made during the past two- years on an experimental installation 
of similar cable at a location where there are laboratory facilities 
for measuring the dielectric loss of the ionization factor. As a 
result of these indications, we are now investigating the possi¬ 
bility of malcing cable for 220-kv. operating pressure so that 
when the occasion arises, the line may be brought into the near¬ 
est generating station by means of underground cable, and in 
this way avoid the transformer substation which would otherwise 
be necessary at the edge of the city. 



Protective Devices 

ANNUAL REPORT OF COMMITTEE ON PROTECTIVE DEVICES* 


To the Board of Directons: 

The work of the Committee this year has been: first, 
the revision of present and preparation of new standards; 
second, a survey and review of research and develop¬ 
ment made during the past year in the several fields 
covered by the Committee; and third, arranging for the 
preparation of papers for presentation before meetings of 
the Institute. 

The work of the Committee, as organized at the 
meeting in New York in November 1928, has been 
earned out by subcommittees, each under the direction 
of its own chairman. The fields covered and the chair¬ 
men in charge of the subcommittees are as follows: 


Research on lightning has been continued in the field 
and laboratory by the manufacturers, in several in¬ 
stances, in cooperation with a number of the operating 
companies. Extensive tests have been made on the 
transmission, reflection, attenuation, and effect bn 
terminal apparatus of surges applied on full-sized trans¬ 
mission lines. These tests are being continued and are 
being correlated with the effects of natural l ightning on 
the same or similar lines. 

Further studies of natural lightning on transmission 
lines by the cathode ray oscillograph will be continued 
during the present lightning season, so that several 
records of great value and interest may be expected this 


Lightaiing Atresters 

Industarial Boiiipmeat and 
Service Protection 

Ourrent Lbuitlng* Reactors 

Oil Circuit Breakers, 
Switches, and Fuses 

Belays 


Herman Halperln Commonwealth Edison 
Company, Chicago, ni. 

R. C. Muir General Electric Com¬ 

pany,Schenectady.N.Y. 

N. L. Pollard Public Service Production 
Company, Newark, N. J. 

A. M. Rossman Sargent &Lundy, Chicago, 
lU. 

H. P. Sleeper PubUo Service Electric 
and Gas Company, 
Newark, N. J. 


The Subcommittee on Communication Line Protec¬ 
tion which reported last year has been discontinued as 
it was felt its work overlapped with that of the Technical 
Committee on Communication Lines. 


Subcommittee on Lightning Arresters 
Work has been continued on the A. I. E. E. Stand¬ 
ards for Lightning Arresters. Two preliminary re¬ 
ports of these standards have already been published, 
(one in 1926 and the other in 1928), under the title 
Report on Standards for Lightning Arresters and Other 
Apparatus for Protection against Abnormal Transient 
VoUages. Because of the wide variation in require¬ 
ments and practises of arresters for all types of cir¬ 
cuits, in the present revision the standards may be 
limited in scope to arresters for power circuits and the 
title shortened to Standards for Lightning Arresters. 
As soon as it is practicable, the subcommittee hopes to 
turn its attention to standards for arresters for other 
applications and to standards for other protective 
devices, such as surge absorbers, choke coils, ground 
wires, fused grading shields, etc. 

^COMMITTEE ON PROTECTIVE DEVICES: 


year as a result of the extensive program. Investiga¬ 
tions of surges, their effect on apparatus and dimunition 
by arresters has been greatly aided by continued de¬ 
velopment in portability, ease of manipulation, and auto¬ 
matic timing features of cathode ray oscillographs. A 
new type which appears to have many good features has 
been developed by R. E. George of Purdue University. 

A large scale and detailed program of investigation is 
still being actively pursued by one of the large operating 
companies on the causes of transformer failures on 4-kv. 
distribution circuits and their 115/230-volt secondaries 
during lightning storms and on the possible methods of 
reducing the number of service interruptions due to 
such failures. Studies are being made of the effects 
of resistance in the arrester ground, and laboratory and 
field tests are being made on the effect and practicability 
of lightning arrester protection on the secondary side of 
the transformers. 

In the field of high-voltage transmission, work has 
been continued on the use of fuses in connection with 
grading shields on insulator strings. Recent develop¬ 
ments indicate the feasibility of using expulsion type 
fuses as arcing horns at the tower end of the string. 
These developments indicate a tendency to build 
lightning arrester characteristics into the insulator 
string itself and perhaps in the future other elements 
will be developed for connection in series with or in 
shunt with part of the insulator string to accomplish 
this end. 

There are several problems the solution of which will 
require further tests and study. Some of these are as 
follows: 


E. A. Hester, Ohairman, 

Raymond B^ey, Vlce-OhairmaQ 

V. J. Brain, ‘Secretary 

A. O. Cummins, P. O. Hanker, R. O. Muir, 

B. W. Dillard, F. L. Hunt, N. L. Pollard, 

H. W. Drake, B. G. Jamieson, A. M. Rossman, 

W. S. Edsall, J. Allen Johnson, A. H. Schirmer, 

Hi. E. Frost, S. M. Jones, H. P. Sleeper, 

B. E. George, B. L. BIngsIand, R. M. Spurck, 

James S. Hagan, M. G. Lloyd, E. R. Stauflacher. 

H. Halx>ertn, J. B. MacNeUl, H. R. Summerhayes. 

Presented at the Summer ConverUion of the A. I. E. E., Swamp- 
scott, Mass., June^4-‘^8,191S9. 


1 . Gap-Setting. The proper setting of gaps in series 
with arresters depends largely upon the type of arrester 
and its application. The application must take into 
consideration the maximum dynamic voltage, which is 
dependent on such factors as grounded or ungrounded 
neutral, relaying, arcing grounds, and also whether the 
plant is steam or hydro. 

2. Ground Resistance. With the increasing size of 
power systems, the problem of obtaining good grounds 
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has become increasingly important. In the case of large 
stations, the expense of providing adequate grounding 
facilities is low enough relative to the total station costs 
involved so as not to be serious from an investment 
standpoint, but in the case of small stations, tower 
footings, etc., the cost of securing adequate ground con¬ 
nections may be high enough relative to the total in¬ 
vestment to be rather serious. 

3. Quantitative ratings with respect to impulse 
voltage of lightning arresters and apparatus to be pro¬ 
tected in order to give greater assurance of protection. 

All things considered the subcommittee feels that 
splendid progress has been made in the study of light¬ 
ning and in apparatus and methods of mitigating its 
interference with power transmission. It looks forward 
with confidence to accelerated progress in protection 
against lightnin g in the immediate future. 

Several valuable papers have been presented before 
the Institute on these and allied subjects, among which 
the following may be mentioned: 

A Graphical Theory of Traveling Electric Waves, by 
V. Karapetoff, A. I. E. E. Quarterly Trans., Vol.48, 
April 1929, p. 508. 

Progress in Lightning Research in the Field and Labora¬ 
tory, by F. W. Peek, Jr., A. I. E. E. Quarterly Trans., 
Vol.48, April 1929,p.436. 

192? Lightning Experience on 132-Kv. Transmission 
Lines, by Philip Spom, A. I. E. E. Quarterly Trans., 
Vol. 48, April 1929, p. 480. 

Theoretical and Field Investigations of Lightning, by 
C. L. Fortescue, A. L. Atherton, and J. H. Cox, 
A. I. E. E. Quarterly Trans., Vol. 48, April 1929, p. 449. 

Protection of Transmission Lines from Interruption 
by Lightning, by 1928 Subcommittee of Power Trans¬ 
mission and Distribution Committee, A. I. E. E. 
Quarterly Trans., Vol. 48, April 1929, p. 487. 

Rationalization of Transmission System Insulation 
Strength, by Philip Spom, A. I. E. E. Quarterly Trans., 
Vol. 47, Oct. 1928, j). 998, (Discussion p. 1009). 

Relation between Transmission Line Inmlation and 
Transformer Insuhiion, by W. W. Lewis, A. I. E. E. 
Quarterly Trans., Vol. 47, Oct. 1928, p. 992, (Dis¬ 
cussion 1009). 

Symposium on Surge Voltage Investigation on Trans¬ 
mission Lines, A. I. E. E. Quarterly Trans., Vol. 47, 
Oct. 1928, pp. 1111-1154. 

A New Type of Hot Cathode Oscillograph, by R. E. 
George. Presented at the A.. I. E. E. Regional Meeting, 
Cincinnati, Mar. 20-22, 1929. 

Fused Arcing Horns and Grading Rings, by P. B. 
Stewart, A. I. E. E. Jl., May 1929, p. 390. 

Investigation of Transmission Lines with Artificial 
Lightning, by K. B. McEachron and V. E. Goodwin, 
A. I. E. E. Jl., May 1929, p. 382. 

lightning Studies of Transformers by the Cathode Ray 
Oscillograph, by F. F. Brand and K. K. Palueff, 
A. I. E. E. Regional Meeting, Dallas, Texas, May 
7-9,1929. 


Subcommittee on Industrial Equipment 
and Service Equipment 

Addition to A. I. E. E. Standards No. 16 (A. E. S. C. 
C-19) Industrial Control Apparatus has been com¬ 
pleted, and will be submitted to the A. I. E. E. 
Standards Committee for joint action with N. E. M. A. 

These additions are considered necessary to the 
Industrial Control Standards inasmuch as there is no 
standardized basis of short-time current rating or short- 
circuit interrupting rating of contactors and conse¬ 
quently information is not available whereby contactors 
might be properly applied. 

A paper dealing with the general development and 
application of industrial control equipment and pro¬ 
tective devices is being prepared under the auspices 
of this committee. Little has been published on this 
general subject, particularly with reference to the ap¬ 
plication of contactors, and it is felt that this paper will 
be of material assistance to engineers and will stimulate 
progress along the right lines in industrial equipment 
and service protection. 

Subcommittee on Current-Limiting Reactors 

Some thought has been given to new standards for 
current-limiting reactors, but it has not been con¬ 
sidered practicable to draw any up at the present time. 

Last year’s report called attention to the progress 
being made in the field of oil-insulated reactors. This 
progress has continued, large oil-immersed reactors 
having been built during the last year for circuit volt¬ 
ages ranging from 2.3 kv. to 73 kv., and in one instance 
for as high a circuit voltage as 120 kv. This type of 
reactor has increased the field of application of current 
limiting reactors, since it can be designed for higher 
voltages than the dry type and is particularly adaptable 
for outdoor service. 

In the case of the 120-kv. circuit mentioned above, the 
reactors are used for sectionalizing the 120-kv., 60- 
cycle bus of a generating station having a capacity of 
375,000 kv-a. Each reactor is rated at 2800 kv-a. and 
introduces 10 per cent reactance at 75,000 kv-a. 

During the past year there has been a considerable 
increase in the number of dry type reactors installed 
with a marked increase in the use of reactors for ground¬ 
ing the neutral at generating stations. 

Two, and possibly three, papers will be published and 
presented before the Institute in the near future under 
the auspices of this committee. 

Subcommittee on Oil Circuit Breakers, Switches. 

and Fuses 

The preparation of more comprehensive standards 
for fuses is now under way. It is expected that the 
preparation of these standards will be greatly facilitated 
by tests which have been conducted during the past 
year by several operating companies on fuses rated at 
voltages from 2.3 to 66 kv. A series of tests has also 
been conducted on fuses of potential transformers. 

Several manufacturers have increased their gen- 



1450 


PROTECTIVE DEVICES 


Transactions A. I. E. E. 


crating facilities available for testing oil circuit breakers 
and have carried out, on a large scale, systematic 
programs of testing their standard circuit breakers. 
These tests have resulted, in improvements in details 
and have given an increased knowledge of the safe inter¬ 
rupting capacities of these oil circuit breakers. 

Field tests have been extended to include 220-kv. oil 
circuit breakers, and additional tests are scheduled to be 
made this year. It is expected that the results of these 
tests will be published as soon as the tests are com¬ 
pleted and the data available for publication. 

Increased interest has also been taken in higher speed 
oil circuit breakers for use on high-voltage transmission 
lines to improve stability of operation by the more rapid 
clearing of faults. 

Circuit breakers of extremely high speeds have been 
developed for electric railway protection. Tripping 
speeds as high as 0.012 to 0.016 sec. for a d-c. breaker 
and 0.04 sec. for an a-c. breaker have been obtained. 

The past year has shown an increased interest in 
metal-enclosed switching structures. A number of 
the manufacturers of switching equipment in this 
country are now building structures of this type. A 
33-kv. structure has been in successful operation for over 
a year and several others are now being built for this 
voltage. A 22-kv. structure of the oil filled type, the 
largest structure of this type to be installed in this 
country, will handle the entire output of one of the 
largest power stations in the Middle West. The first 
section comprising 23 units was placed in service this 
Spring. Several hundred units of this type have also 
been installed on 2300-volt circuits. 

These structures greatly reduce the hazard to human 
life because the live parts are inaccessible and because 
the moving or removable parts may be interlocked to 
prevent incorrect operations. Most of the structures 
have been built without disconnecting switches, the oil 
circuit breaker being disconnected from its connections 
with the bus bars and circuits by being moved bodily 
away from its operating positions. This has permitted 
a very simple system of interlocking with the use of 
but five or six sturdy parts. 

The metal-enclosed design is completely fabricated 
in the shops of the manufacturer, and the equipment 
is shipped in a semi-assembled condition. These 
factors tend to promote standardization of design and 
eliminate a large amount of field work, both of which 
should in time be reflected in lower costs of switching 
structures. 

Papers on theory, design, and test of the Deion circuit 
breaker were presented at the Winter Convention of 
the Institute, This development appears to be a 
notable contribution to the circuit breaker art, as it 
eliminates the use of oil, and while at present confined 
to relatively low voltages, it is hoped thatit willlater be 
found possible to adopt it for use on higher voltages. 

It is also hoped that this development will stimulate 
further research which may lead to the discovery and 


application of other new principles for interrupting 
power circuits. 

Through the efforts of the members of this subcom¬ 
mittee, the following papers have been submitted for 
presentation before the Institute some time during the 
coming fall or winter : 

A Method of Fuse Testing, by B. M. Jones and E. H. 
Coxe. 

Fuse Tests, by S. Murray Jones, supplemented by 
comments on recent off circuit breaker tests. 

Potential Transformer Fuses, by H. P. Sleeper and 
M. F. Riley. 

The Effectiveness of Different Types of Barrier Con¬ 
struction in Switch Houses, by P. H. Adams and B. M. 
Jones. 

Subcommittee on Relays 
The feasibility of standardizing the operating charac¬ 
teristic of relays of different manufactueres has been 
investigated. This refers to the standardization of 
characteristic relay curves, operating current values 
of relay indicators, and various other characteristics of 
relays which are possible of standardization. It is ap¬ 
parent that the subject is one which will require con¬ 
siderable discussion by the members of the Institute 
before a representative concensus of opinion can be 
obtained, and as sufficient data are not yet at hand, it 
will be desirable to continue the work of this group for 
another year. 

A review of protective relay schemes in use at this 
date indicates that there have been no radical changes 
in relay practise made in the past few years. However, 
there have been some new schemes introduced and the 
trend at the moment is a departure from the old stand¬ 
ard schemes and is worthy of note. 

The great majority of all relay installations in service 
at this time on transmission lines is some form of the 
so-called time differential system whereby selectivity 
between adjacent breakers is secured by the use of 
selective time settings. This involves the use of over¬ 
current and directional overcurrent relays in the same 
manner as has been used for many years heretofore. 
This system, of course, has the disadvantage of limiting 
the number of sectionalizing points in series by reason 
of the cumulative time settings at the source end. It 
has the further disadvantage of requiring time settings 
in excess of instantaneous settings. 

To enable instantaneous settings to be used with the 
resulting increase in stability to power systems and 
minimizing of damage at the point.of fault, there has 
been a tendency to use increased number of installations 
of differential schemes of transmission line protection. 
The series scheme of differential protection of transmis¬ 
sion lines,—^namely, pilot wire relaying,—^has never 
found much favor in this country, although one operat¬ 
ing company reports that it has used this method ex¬ 
tensively on its 12-kv, loops out of substations, and 
the scheme has been quite satisfactory. They have 
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adopted recently the use of pilot wire protection on 66- 
kv. lines and installed sever^ hundred thousand feet of 
such pilot wire last year. Modifications of the pilot 
wire scheme are becoming more in favor, however, as 
indicated below. The scheme of parallel differential 
protection of transmission lines, where one line is bal¬ 
anced against another, is the form most commonly 
used in this countiy and its use has increased consider¬ 
ably in the past few years. 

At this time there is a very definite trend toward the 
use of schemes of transmission line protection which 
have not been named but might be called “independent” 
schemes. By this is meant schemes of relay protection 
wherein the protection of one section of line is entirely 
independent of that on an adjacent section. The pilot 
wire scheme falls within this category but as indicated 
above has never been commonly used. The impedance 
relay is a scheme embodying some of the features of 
this type of protection, and its application is slowly 
increasing. It is perhaps the simplest scheme of pro¬ 
tection that is available at the moment. One of the 
most interesting applications of this type of protection 
is a case where the short-circuit current under certain 
conditions may be less than the full-load current. 
Here impedance relays are intended to be used for short- 
circuit protection, which are normally short-circuited 
out of service by fault detector relays. The latter are 
operated either by low voltage or the presence of short- 
circuit current which cuts in the impedance relays and 
allows them to operate during fault conditions. 

A further and more elaborate scheme of this tj^e is 
one which is now being used on a small scale and has 
possibilities for improvement and application in the 
future. This is a modification of the pilot wire scheme 
where the pilot wires are replaced by high-frequency 
oscillations on the transmission wires themselves. Two 
schemes are in use, one a high or radio frequency 
scheme, and the other a low or audio frequency scheme, 
both of which are fundamentally the same in operation. 
At the present time, auxiliary equipment of consider¬ 
able cost and size is required at the line terminals to 
enable this scheme to function properly, and tends to 
limit its use. However, it is probable that these 
schemes will be perfected and fundamentally they seem 
to offer the most promising solution for future protec¬ 
tion problems, particularly of the more complicated 
type. They embody all of the most desirable charac¬ 
teristics of relay protection;' namely, high speed of 
operation, independent settings, and no limitations as to 
numbers of stations in series. It is probable that the 
future trend of the art will be definitely in the direction 
of applications of this so-called independent scheme of 
relaying. 

There is a growing tendency toward recognition of the 
importance of bus protection in high-tension stations. 
Heretofore, the protection of busses in such stations 
was considered unnecessary, but the increasing capaci¬ 
ties involved, with the resulting seriousness of outages, 


has urged the use of this type of protection. It usually 
partakes of the form of series differential protection. 
For this protection, and also for the protection of trans¬ 
former banks and rotating machines, the use of ratio 
differential relays is becoming more common and super¬ 
seding the old type of differentially connected over¬ 
current relays. 

A scheme for securing overcuirent protection on 
balanced lines without the use of additional relays has 
been developed. The high- and low-set directional 
relays are connected in much the usual manner, except 
that the balance point is made at the mid-point of an 
auto current transformer, and the overcurrent element 
of a high-set relay is connected across the entire winding 
of the auto, instead of in the balanced circuit. It is 
ob'vious that the high-set relay receives line current at 
all times and is connected to trip both breakers. This 
of course requires the use of a double-contact directional 
element on the low-set directional relay. 

A new scheme of protecting load ratio control units 
has been developed, using a restrained overcurrent 
relay. One winding is connected to the exciting wind¬ 
ing of the load ratio control unit. The other winding is 
connected to the line. The effect is to change the set¬ 
ting of the relay so that a percentage tripping charac¬ 
teristic is obtained. 

A scheme for detecting ground faults in apparatus 
by using a restrained current relay with multiple re¬ 
straining coils has been developed. These coils are 
connected to the phase current transformers and the 
operating coil is energized by the residual current. 

Radio differential relays have been applied to bus 
differential protection* and their characteristic used to 
tend to eliminate incorrect operations due to secondary 
wiring troubles. 

There are also two new tsrpes of network relays. 
One of these is designed to operate on high reverse 
current at normal voltage and is still very sensitive at 
short-circuit voltage. The other is for the protection of 
low-voltage a-c. networks, the feeder transformers of 
which are connected in delta on the low-voltage side 
and with the middle "tap of one winding brought out to 
obtain lighting voltage. It is essentially a combination 
of three relays: a power directional, an overcurrent, 
and an overvoltage, set to trip quickly on transformer or 
feeder faults, but not being sensitive to small reversals 
of power. . 

Several existing types of relays have been modified 
and improved to give better operation. The ratio 
differential relay has been modified for application to 
the protection of three-winding transformers. The 
induction type overcurrent relay has been speeded up 
so that it will operate in approximately three cycles. 
The residual directional relay has been modified so that 
it will operate correctly over an extended power-factor 
range. Various types of condenser devices have been 
developedfor securingpotentialfor relay operation with¬ 
out the use of high-tension potential transformers. 
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The most common of these is in connection with the 
condenser type high-voltage bushing, but other con¬ 
denser types of devices have been developed for this 
same purpose. 

A paper entitled New Directional Relay Schemes, by 


E. E. George and R. H. Bennett, is in preparation and 
will be presented sometime in the near future. Two 
other papers are also in preparation for presentation 
before the Institute, dealing with relay acceptance 
specifications and with relay experience. 



Research 

ANNUAL REPORT OF COMMITTEE ON RESEARCH* 


To the Board of Directors: 

It is now generally recognized that progress in science 
and industry depends largely on research. Electrical 
engineering in particular must trace practically all its 
advances to some form of research, whether it be pure 
or applied. Accordingly a complete report on research 
in this art must necessarily involve practically all the 
developments in its various branches such as communi¬ 
cation, machinery, transmission, etc- Inasmuch as 
this is particularly material for the Institute committees 
involving these branches, an attempt is made in this 
report merely to mention the various research bodies 
and their work in general, and to list briefly the out¬ 
standing achievements in engineering and physical re¬ 
search during the past year. 

Considerable assistance was received from various 
members of the Research Committee in the preparation 
of this report, particularly Messrs. V. Bush, S. M. 
Kintner, M. G. Lloyd, D. W. Roper, C. E. Skinner, 
R. W. Sorensen, and J. B. Whitehead. Several non¬ 
members provided valuable contributions, particularly 
Doctor W. F- G. Swann of the Bartol Foundation. 


Research Organizations 


The National Research Council has been very active 
in sponsoring research and its committee on Electrical 
Insulation has started an extensive program. At a two- 
day symposium conducted in Baltimore last fall by 
this committee, papers were presented reporting the 
results of studies of the mechanism of cable deteriora¬ 
tion, the products of the breakdown of liquid dielectrics, 
the current wave form in dielectrics under high stress, 
the influence of air and moisture in impregnated paper 
insulation, short time absorption curves in composite 
insulation, the relation of dielectric absorption and di¬ 
electric loss, anomalous conduction in liquid insulation, 
gaseous ionization in cables, and the breakdown of solid 
dielectrics. At a second symposium, conducted during 
the Washington meeting of the American Physical 
Society, papers were presented on the mechanical and 
electrical strength of dielectric crystals, electrical 
convection in oil, effect of temperature, pressure, and 
frequency on rubber, influence of surface and space 
charges on the apparent conductivity of dielectrics, 
electron bombardment of hydrocarbons, and the de- 
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pendence of dielectric polarization upon molecular 
condition. 

The Bartol Research Foundation of the Franklin 
Institute under Doctor Swann carried out a valuable re¬ 
search program during the past year. Among the im¬ 
portant subjects investigated were the following: 
phenomena in the electric arc, reflection of atoms on 
crystals, excitation of atoms by electron impact, pos¬ 
sible influence of cosmic rays on radioactivity, produc¬ 
tion of X-rays by protons, influence of a-c. fields on 
light transmission through water, corpuscular radiations 
of cosmic origin, energy lost by electrons passing 
through thin foils, polarization of light produced by 
impact of cadmium atoms with excited mercury atoms, 
photoelectric effect in thin films of potassium and 
sodium, and absorption of cosmic radiation in air. A 
number of theoretical problems was considered mathe¬ 
matically such as the scattering of electrons by atoms, 
theory of Compton effect produced by standing elec¬ 
tromagnetic waves, possibility of detecting individual 
cosmic rays, relation between mass and energy, and 
ionization by an electron traveling with speed com¬ 
parable with that of light. 

Several noteworthy research accomplishments were 
made at the Bureau of Standards during the past year. 
The corona voltmeter was investigated, and a careful 
study made of the effects of pressure, temperature, and 
humidity on its accuracy. A redetermination of the 
absolute value of the international ohm was carried out. 
Important work was done toward developing a suitable 
radio beacon for aircraft. An electrical seismometer 
also was devised which is proving to be a very satisfac¬ 
tory instrument for recording earth movements. 

Electrical Engineering Research in the Colleges 

During the past year an a-c. calculating board was 
developed at the Massachusetts Institute of Technology 
for representing in miniature almost any power system. 
The device offers a practical means of solving easily the 
steady-state problems of current and power division, 
system voltage, load balance, power factor adjust¬ 
ment, and the transient problems of both ssmametrical 
and unsymmetrical short circuits with attendant con¬ 
siderations of system stability. 

Important investigations in the colleges are being 
made of solid and liquid insulations, particularly as they 
relate to underground cables. Under the auspices of the 
National Electric Light Association, the Association of 
Edison Illuminating Companies, and the American 
Institute of Electrical Engineers, a study of thermal 
characteristics and methods of measurement is being 
made at Massachusetts Institute of Technology, the 
effect of residual air and moisture at the Johns Hop- 
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Mns University, and ionization characteristics at Har¬ 
vard University, 

Under the Utilities Research Commission (consisting 
of representatives of the Samuel Insull utilities) studies 
of methods of detecting cable failures and of physical 
properties of lead sheaths are being made at the Uni¬ 
versity of Illinois, at Johns Hopkins University of the 
properties of impregnated paper, and at the University 
of Chicago of the fundamental significance of dielectric 
strength. 

A large part of the research sponsored by the National 
Research Council and the Engineering Foundation is 
being conducted in the college laboratories, particularly 
in the East and Middle West. 

Several of the college engineering laboratories on the 
Padfic Coast have been active in research problems 
during the past year. Some of the accomplishments of 
note were the study and analysis of Lichtenberg figures 
at the University of Washington; the X-ray studies at 
the California Institute of Technology, using the million- 
volt transformer set for tube excitation; and the investi¬ 
gation and measurement of high-voltage fiashovers at 
Stanford University, where 60-cycle fiashovers of gaps 
up to 86 ft. were made, the longest yet accomplished at 
commercial frequencies. 

Outstanding Research Accomplishments in 
Electrical Engineering 

Considerable progress was made dining the past year 
in the study of lightning on transmission lines. Much 
of this was made possible through the adaptation of the 
cathode ray oscillograph for direct recording on power 
lines. Lightning waves recorded in lines have been 
duplicated in the laboratory and their effects on trans¬ 
mission lines, insulators, insulation, transformers, and 
protective apparatus studied at will. For making 
these laboratory tests a lightning generator producing 
5,000,000 volts was constructed. Smaller portable 
lightning generators were also produced and used for 
putting surges at desired points on lines. 

By means of surge voltage recorders and Mydono- 
graphs, distributed at intervals on several power sys¬ 
tems, valuable data also were obtained on the crest 
values, polarity, attenuation, and frequency of lightning 
surges on lines. 

As a result of lightning research, it is now possible to 
design transmission lines, and to coordinate the line 
and apparatus insulation so as to have power systems 
which are highly resistant to lightning. 

A well coordinated program in lightning research is 
being continued. A considerable part of the field work 
is being done on transmission lines in cooperation with 
operating engineers. 

A number of advances was made in transformer de¬ 
sign last year. Among these was the development of 
the non-resonating transformer. The object of this 
type is to cause a uniform voltage distribution through¬ 


out the windings under all frequencies and lightning 
surges. 

Several improvements were made in switches and 
circuit breakers during the past year. One achieve¬ 
ment in this line was the development of the Deion 
circuit-breaker switch. In its primary application to 
practise it has been designed for use up to 16,000 volts, 
its operation making use of a series of extremely short 
gaps in air. 

In the field of electrical machinery numerous ad¬ 
vances were made. Noteworthy among these was the 
successful development and operation of a 10,000-kw. 
mercury turbine, whose efficiency exceeded the pre¬ 
viously predicted values. The popularity of the 
high pressure turbine also increased, as may be witnessed 
by the fact that five new 1200-lb. units were designed 
during 1928. The development of hydrogen-cooling 
for reducing losses and increasing the capacities of 
generators and synchronous condensers made appreci¬ 
able strides. Units up to 20,000 kv-a. using this 
method of cooling were built during the past year. The 
tendency to use higher generated voltages with large 
capacity units for certain classes of service continued. 
Several 22,000-volt generators were designed and in¬ 
stalled in this country, and one 33,000-volt unit was 
placed in operation in England, connection being made 
directly to an underground cable system with no inter¬ 
vening transformer. 

Aviation profited appreciably from research develop¬ 
ments carried out last year in the Bureau of Standards 
and in the laboratories of the several larger industrial 
concerns. The principal advances consisted of addi¬ 
tional navigational aids for commercial aviation. Here 
radio contributed principally in improving communica¬ 
tion, course navigation, and fog landing. Better 
facilities for navigation and landing in the fog were 
added by the development of neon light beacons and 
markers. A method of depth-sounding in the air to 
enable aviators to determine their altitude was devised. 
The procedure consists in sending out radio waves from 
the airplane, which are reflected from the ground and 
received again by the plane. A magneto compass also 
was designed, weighing less than one-fifth of the present 
earth-inductor compass. A means of accurately mea¬ 
suring the amount of gasoline was devised making 
use of electrical impulses transmitted from diaphrams 
located in the airplane tanks. 

Much work was carried out during the year in per¬ 
fecting and applying photoelectric devices to many 
uses, such as smoke detection and measurement, con¬ 
trol of illumination, operation of traffic devices, etc. 

Marked progress was made on the question of tele¬ 
vision and far greater use will undoubtedly be made of 
it in the near future. Appreciable advances were made 
in the speed and convenience of picture transmission, 
by both wire and wireless, during the year. 

The great increase in popularity of the talking moving 
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pictures furnished added stimulus to research in that 
line so that considerable improvement is expected in 
this art. 

Decided progress was made in metallurgical work 
through the wider application of inductive, heating, 
both in furnaces of the vacuum t37pe and the non¬ 
vacuum type. 

The increasing temperatures, pressures, and speeds 
of electrical machinery have made it necessary to give 
added study to the characteristics of metals under high 
temperatures and mechanical stresses. Results of great 
value have been reported. 

Research in magnetic materials and magnetic phe¬ 
nomena was continued, and much was added to our 
understanding of these vital subjects. 

Laboratory devices for the analysis of noise were de¬ 
veloped and studies made of the sources of noise in 
machinery, and its elimination. 

Outstanding Research Accomplishments in 

Physics 

Light and Spectroscopy. Michelson, Pease, and 
Pearson, University of Chicago and Mount Wilson 
Observatory, have repeated the Michelson-Morley 
experiment and find no shift that can be interpreted as 
arising from an ether drift. This completely agrees 
with the original results obtained by Michelson and 
Morley and also seems to add strength to the relativity 
theory which was developed to explain the earlier 
experiments. (Trans. Optical Soc.) 

The Indian physicist, Raman, has shown that light 
scattered from many substances contains not only the 
original frequencies of the incident light, but also the 
other frequencies differing from it by the natural fre¬ 
quencies of the scattering substance. This effect has 
been used by Raman and others to study the natural 
frequencies of many substances as well as to extend 
further the laws of scattering. 

Our knowledge of the structure of many diatomic 
molecules has been materially extended by the analysis 
of their band spectra by Mulliken and others. 

McLennan and his students have continued their 
studies of the Aurora and have definitely fixed the posi¬ 
tion of the unknown auroral lines in the structure of the 
oxygen atom. (Proc. Royal Soc.) 

Study of the band spectrum of oxygen by Babcock 
and Dieke of the Moimt Wilson Observatory Shd 
Giauque and Johnson of the University of California 
have shown the presence of an isotope of atomic weight 
18. This heavier isotope is about one two-thousandth 
as plentiful as the isotope 16 so its presence had not 
been detected by mass spectrograph methods. (Nature, 
March 2,1929.) 

Bowen, California Institute of Technology, has shown 
the presence of sulphur in the nebulae, by the identifica¬ 
tion of some more unidentified lines of the spectrum. 
(Nature, March 23,1929.) 

J. W. DuMond of California Institute of Technology 


h a s developed an experimental method based on^the 
study of the spectral distribution of Compton modified 
radiation for determining the velocity distribution of 
both bound and conduction electrons in metals and of 
electrons in non-metals. (Physical Rev., May, 1929.) 

Absolute measurements of X-ray wavelengths have 
been made by means of an« optical grating. By this 
means it is possible to get an independent determination 
of the charge on the electron. 

Conductivity. Bridgman, of Harvard, continued the 
experiments on conductivity and thermoelectric effecte 
in anisotropic single-crystals of metal and showed that 
the electronic effects in metals follow the crystal- 
symmetry. (Nat. Academy of Science, Vol. 14, p. 943, 
December, 1928.) 

Kapitza has made further experiments on variations 
of resistance of metals in very strong ^gnetic fid^ up 
to 300,000 gauss. Bismuth lost its conductivity. 
These experiments may explain much about the con¬ 
ductivity of electricity in metals. (Proc. Royal Soc., 
Vol. 123, p. 292.) 

J. B. Johnson of the Bell Telephone Laboratories has 
been able to detect and measure the random motions 
of the electrons in a wire due to their temperature 
energy. From these measurements it is possible to 
determine the value of Boltzmann’s gas constant. 
These results lend considerable support to the idea that 
the conduction electrons in a metal follow the laws of an 
electron gas. (Physical Rev., Vol. 32,1928.) 

Electronic Emission. R. A. Millikan and C. C. 
Lauritsen, California Institute of Technology, con¬ 
structed an apparatus in which electrons were pulled 
from the electrodes by strong electric fields. The elec¬ 
trons so extracted were of such high velocities as to be 
capable of producing X-rays with wavelengths com¬ 
parable to cosmic radiation. 

DuBridge gave the first reliable evidence that the 
photodectric threshold has exactly the same values as 
the thermionic work-function for the same metal. 
(Physical Rev., Vol. 32, p. 961.) 

Cardwell showed qualitatively a change of the photo¬ 
electric and thermionic enoission at the change of an 
allotropic modification of the cathode. 

A. Goetz, California Institute of Technology, gave 
the experimental evidence that the photodectric emis¬ 
sion and the threshold changes at the melting point and 
transition point of tin are such that the larger the atomic 
distance in the cathode the smaller the work function 
of the metal. This shows that the mechanisms of the 
photoelectric and thermionic effects are of the same 
nature. (Physical Rev., Vol. 33, March, 1928, p. 373.) 

Lukirsly and Prilezaev succeeded for the first time 
in measuring the loss of energy of photoelectrons 
crossing the cathode towards the surface, thus showng 
that the photodectric effect is not a pure surface effect, 
as has been generally considered. 

Work in Theoretical Physics. The so-called “principle 
of uncertainty” stated by Heisenberg has gained general 
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recognition as ^ a fundamental principle of physics. 
According to this principle, it is Impossible to determine 
at the same time the position and velocity of a particle 
with absolute ^curacy. The product of the un¬ 
certainty in position and the uncertainty in velocity 
can never be less than Planck's constant h. This is 
because the method of observation itself affects the 
quantities to be measured. 

The fundamentals of quantum mechanics have 
remained essentially unchanged, but many applications 
have been made. Heisenberg has given a striking 
theory of ferromagnetism based on the magnetic 
electron as the effective magnetic unit. The electrical 
resistance of a metal has been explained as due to the 
diffraction of the electron waves by the crystal lattice. 
Many of the other electrical properties of metals seem 
to find a satisfactory explanation on this basis. Neu¬ 
mann and Wigner have shown that all of the known 
qu^tative rules for the analysis of spectra can be 
derived directly from the Schroedinger equation, and 
it has been possible to derive some quantitative relation¬ 
ships between spectral terms for spectra more complex 
thaii hydrogen. Rubinowicz has shown how the in¬ 
tensities of forbidden transitions may be predicted, so 
that from the appearance of such lines in the nebulae 
the physical state of the material may be inferred, 
Sommerfeld has applied the quantum mechanics to 
explain the observed distribution of photo-electrons 
ejected from gases. 

The theory of relativity has received an important 


contribution from Hinstein who has been able to give 
a unified treatment of tbe gravitational equation and 
the electromagnetic equations. 
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Discussion 

F. C. Caldwell X Referring to the inter-relation of research 
in different fields of science and engineering, it may be well to 
call attention to an organization that is just going into operation 
in Columbus, Ohio. This is the Battelle Memorial Institute, 
founded by Gordon Battelle as a memorial to his father. Mr. 
Battelle was associated with the metallurgical industry and be¬ 
queathed a substantial amount for the construction and operation 
of a research laboratory. 

Part of the income from this fund will be spent under the ex¬ 
clusive direction of the Battelle Institute. Industrial research 
will be conducted on the fellowship plan. 

While this laboratory is, as I say, primarily metallurgical, the 
fact that it is no longer possible to separate sharply the different 
fields of research, makes it inevitable that there will be coopera¬ 
tion with other research organizations along border lines. The 
electrical engineering profession should therefore know of this 
Institute, and should look upon it as one of the possible sources of 
information in those fields where metallurgical and electrical 
engineering meet. 
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ANNUAL REPORT OF COMMITTEE ON TRANSPORTATION* 


To the Board of Directors: 

Following established precedent, your Committee 
submits a brief review of the year’s development in the 
application of electricity to transportation. 

Steam RaHjEOAd Electrification 

Pennsylvania Railroad. The Pennsylvania Railroad 
has completed the electrification of its suburban service 
from Philadelphia to Wilmington, Delaware, on its 
main line to Washington, and to West Chester, Pa., on 
the Wawa Branch. The 11,000-volt, 25-cycle, single¬ 
phase system with overhead catenary used is in ac¬ 
cordance with the original electrification work on the 
Pennsylvania in the vicinity of Philadelphia. 

Of far greater importance, however, is the announced 
program and actual starting of work on the electrifi¬ 
cation of the entire road train service, freight and 
passenger, between New York and Wilmington, 
Delaware. 

The project covers the passenger and freight service 
on 325 mi. of line and 130Q mi. of track, beginning at 
Hell Gate Bridge, New York, where connection is 
made with New England, and extending west and south 
to Wilmington, west from Philadelphia on the Main 
Line in the direction of Harrisburg as far as Atglen, 
and the low grade freight lines which join at Columbia, 
Pennsylvania, and connect the cities of New York, 
Philadelphia, and Wilmington with the West. 

Work is already under way on the 132,000-volt tran- 
mission line through Philadelphia for the extension 
to Trenton. 

Great Northern Railway. The Great Northern Rail¬ 
way has completed and placed in service the extension 
of the present single-phase electrification through the 
new tunnel from Scenic to Berne and then east to 
Wenatchee. This required the abandonment of its 
old line from Scenic to Cascade through the snow 
sheds, which electrification was completed about two 


years ago. 

All traffic is now handled between Wenatchee and 
Skykomish with motor-generator locomotives having 
d-c. traction motors, the overhead contact system 
supplying energy at 11,000 volts, 25 cycles, single-phase. 

Boston, Revere Beach & I/ynn Railroad. This narrow 
gage line has completed its electrification of 15 route 
miles, iiaing 600-volt d-c. overhead catenary system 
with multiple-unit operation. 
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Cleveland Union Terminal Company. In connection 
with the bu il d in g of a combined terminal station and 
office building in the heart of the business district of 
Cleveland, it is necessary to handle aU trains electri- 
calV- Through passenger trains of the New York 
Central, C. C. C. & St. L., and N. Y. C. & St. L. will 
be so handled through the city. It has been decided 
to use 3000 volts direct current with overhead catenary 
system. Twenty-five 204-ton passenger locomotives, 
with a rating of about 3000 hp. each, have been ordered, 
and active work on substations and distribution system 
started. Power will be purchased from the local 
power company. 

Interurban and suburban trains 'will also use the 
station over separate tracks with 600-volt d-c. overhead 
trolley construction. 

Reading Company. The Reading Company has 
started construction on the Philadelphia Subrurban 
Electrification, which, initially, will include multiple- 
unit service from the terminal in Philadelphia.to Chest¬ 
nut Hill, Lansdale on the Bethlehem Branch, Hatboro 
on the New Hope Branch, and Langhome on the New 
York Branch. This electrification was decided on not 
to meet any particular operating difficulty or municipal 
requirements, but to furnish a better service at a lower 
operating cost and with a hoped for increase in trafl&c 
and revenue. 

The initial installation -will consist of 50 route miles 
and 110 track miles, and the ll, 060 -volt, 25Tcycle, 
single-phase system will be used. 

Delaware, Lackawanna & Western Railroad. This 
company is actively engaged on the design and con¬ 
struction work covering the electrification of its sub-* 
urban service with multiple-unit car trains from its 
Hoboken terminal to Dover, New Jersey, via Morris- 
to’wn; also the Montclair Branch and the Passaic & 
Dela’ware Branch. The running tracks between West 
End Junction and Kingsland are included in the 
program, as the inspection and repair facilities are to 
be located at the latter point. Certain freight move¬ 
ments between Secaucus and Hoboken Yards will be 
made electrically. . 

Power will be supplied through five substations at 
3000 volts direct current to the catenary system. The 
program calls for the electrification of 150 track miles 
of main line and 25 miles of yards and sidings. 

City of Rochester. The city of Rochester has com¬ 
pleted and put in service an electrified railroad through 
the city, in the bed of the old Erie Canal, the right of 
way being purchased from the State. A modem 
boulevard has been built over the tracks for a consid¬ 
erable distance in the heart of the city. 

The line is nine miles in length with two tracks the 
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full distance, one additional freight track for seven 
miles, and two other freight tracks for miles. Inter¬ 
change tracks with steam railroads are provided. Fre¬ 
quent rapid transit cars are operated. 

The overhead construction is of the catenary type 
using three wires with one contact wire. Inclined 
catenary is used on all curves except the slight ones at 
station approaches. Operation is at 600 volts direct 
current. 

Diesel-Electric Locomotives 

The development of oil-electric locomotives using 
prime movers of the Diesel type is continuing. A 300-hp. 
prime mover is most in use to date, one manufacturer 
having delivered 25 locomotives, weighing about 60 
tons, each equipped with one 300-hp. Diesel engine 
with generator and d-c. traction motors. 

Eight locomotives with the same type of power plant, 
but in duplicate, (the locomotive weighing about 108 
tons), are also in service. This is in addition to the 
New York Central combination third rail, overhead, and 
storage battery locomotive equipped with the same 
type of 300 hp. Diesel engine with generator for opera¬ 
tion off the trolley or third rail and for charging the 
battery. 

^ The New York Central has recently accepted de¬ 
livery of a Diesel-electric locomotive for passenger 
service on its Putnam division. The engine is a four¬ 
cycle air-injection Diesel of the 12-cylinder V type with 
a full-load rating of 900 b. hp. On the same division 
is also a freight locomotive with a six-cylinder 750- 
hp. solid-injection Diesel. Electrical equipment covers 
a main generator and an auxiliary generator direct- 
connected to the engine, four d-c. traction motors, 
control equipment air compressors, and auxiliaries. 

Another manufacturer has supplied the Long Island 
R. R. with an articulated locomotive for switching 
purposes, equipped with two 330-hp. Diesel engines 
and electrical equipment. The complete locomotive 
weighs 87 tons. 

The largest single-unit Diesel-electric locomotive 
built so far, however, is that purchased by the Canadian 
National Railways. It . consists of two separate cabs, 
each cab containing a 12-cylinder Diesel engine of the 
solid-injection type rated at 1330 hp. at 800 rev. per 
min. Each unit weighs 325,000 lb., of which 240,000 
lb. are on driving wheels. The present gear ratio was 
laid out for high-speed passenger service. 

Other experimental oil-electric locomotives of varied 
horsepower are in process of development. 

General Purpose Locomotivtb 
The Commonwealth Edison Company has ordered 
for tiiaJ what might be called a General Purpose Loco¬ 
motive. It will weigh 85 tons with all weight on drivers 
and is intended primarily for switching work. It can 
operate directly from the overhead at 1500, 750, or 
lower voltage. A storage battery having a capacity 
of 544 ampere-hours at the six-hour rate is provided. 


this battery to be charged through a motor-generator 
set when operating under the wire, or from two 155-hp. 
gasoline engines driving generators. The engines 
be operated with distillate fuel. The four motors are 
rated at 250 hp. each, at 750 volts, one-hour rating. 
This locomotive will be put in switching service on the 
Illinois Central Railroad in the near future, for trial. 

Rail Cars. Diesel-Electric 
The Canadian -National Railways has in service 14 
Diesel-electric rail cars, four, six, and eight cylinders 
each, with a rating of from 200 to 400 hp. They are 
continuing the use of the Diesel tj^pe of motive power rail 
cars and now have on order nine cars to be equipped 
with six-cylinder engines, rated at 400 hp., each at 
900 rev. per min. 

Gasoline-Electric 

Over 120 gasoline-electric rail cars primarily for 
branch line service were put in service during the past 
year. 

They yaiy in weight, and also in power from 200 to 
800 hp. in one- two- and three-unit power plants with 
individual engines rated up to 400 hp. The majority 
have single power plants with engines of from 275 to 400 
hp., the tendency in the last year being toward the 
larger units. One company is putting out power plants 
of 135 hp. each, one, two, or three being used, depending 
on weight of car and desired trailer load. The largest 
cars have two of the 400 hp. power plants and are in 
service on the Chicago, Rock Island and Pacific Railway. 

Marine Propulsion 

The electric-drive airplane carriers Saratoga and 
Lexington broke all existing speed records for capital 
naval ships in their sea trials. 

The use of turbine-electric drives for large ships and 
Diesel-electric drive for smaller ships, ferries, and tugs 
continues to grow. 

Car Retarders 

Refinements have been made in the design of both 
electro-pneumatic and straight electric car retarders 
for regulating the speed of cars being operated over 
humps to classification tracks. 

Where formerly all switches were controlled from 
one central point by electro-pneumatic or electric 
switch machines and where each cut of cars was ac¬ 
companied by a car rider to control the speed of the cut, 
now a large yard may be handled from separate towers 
ne^ the switches, each tower controlling a group of 
switches and retarders with car riders eliminated. 
Several such yards are in successful operation. 

Radio Communication 

Several installations of radio communication between 
locomotive, caboose, and station have been in successful 
operation. Apparatus is now available for radio 
communication, as mentioned above, between trains, 
and between hump engines and the various control 
towers. 
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CBNTRALI2ED OR DISPATCHERS CONTROL 

The railroads are makiiig great strides in the move¬ 
ment of trains by signal indication only and have made 
use of the recent developments in centralized or dis¬ 
patchers control for this purpose. 

It is now possible and practicable to control electri¬ 
cally from a central point all desired switches and signals 
over a considerable route mileage. This arrangement 
facilitates meeting and passing points and thereby 
decreases running times between terminals with con¬ 
sequent savings. 

Between Stanley and Berwick, Ohio, on the New 
York Central Railroad, the principal switches, some 
30 in number, with all signals, are controlled from one 
point. This covers 37 mi. of single track and three of 
double track. 

There are over 20 installations of varying lengths in 
service or on order and the use of this scheme is growing 
rapidly. 

Train Control 

The orders of the Interstate Commerce Commission, 
covering the installation of train control on some 44 
Class 1 Railroads have been complied with and there 
are now over 15,000 track miles equipped and about 
9000 locomotives equipped. In addition, there have 
been voluntary installations covering over 3000 road 
miles and over 750 engines. 

The installations cover continuous control, inter¬ 
mittent control, and speed control. 

While no new orders of the Interstate Commerce 
Commission are contemplated, yet the Division of 
Safety is following up the whole subject and suggesting 


further installations where, in their opinion, conditions 
warrant. 

Supervisory Control 

The use of supervisory control in the handling of 
substation and switching station apparatus has con¬ 
tinued. The last year has seen considerable develop¬ 
ment work done on the so-called synchronous selector 
and relay types, with initial installation of the first 
mentioned on the Cincinnati Street Railway System, 
and of the second at the Grimm Avenue Substation of 
the Chicago Surface Lines. 

Mercury Arc Rectifibrs 
The use of mercury arc rectifiers has continued 
rapidly, there now being in the United States in the 
vicinity of 40 installations for street railway, interurban, 
and steam road electrifications. These are arranged 
for manual, semi-automatic, and automatic control. 
The tendency has been to increase the capacity per 
bowl, there being one installation by the Commonwealth 
Edison Company in Chicago, having a capacity of 5000 
amperes at 600 volts in one bowl. This is an automatic 
station for railway use. 

High-Speed Circuit Breakers 
The high-speed a-c. circuit breakers of both the 
air and oil type, as mentioned in last year’s report, 
have been completed and are now in successful opera¬ 
tion on the Wilmington and West Chester extension 
of the Pennsylvania single-phase electrification. These 
circuit breakers interrupt short circuits in a half cycle 
or less and are comparable to the high-speed d-c. 
breakers which have been in use on steam railroad 
electrification for the last three years. 



The Engineer, Practical Idealist 

President’s Address* 

BY R. F. SCHUCHARDT 


T he Institute, meeting here in convention on the 
^‘stern and rock bound coast’^ of New England, 
finds itself on historic ground. In this region are 
located many battle fields, of arms and of intellect, 
^t have left their deep impress on our civilization. 
The battle fields of arms are marked by monuments 
that are now shrines of an appreciative people. The 
battles of the intellect, though often accompanied by 
bloodshed, are not so well remembered. Bunker Hill 
oim minds than are Salem and Roger 
Williams, yet Williams’ heroic struggle for freedom of 
thought paved the way for that later struggle marked 
by the shaft on Bunker Hill. 

The freedom we enjoy today, freedom of thought and 
of political action, we owe to those who fought and 
suffered and bled in generations past. We are worthy 
possessors of our heritages only if we in turn give 
thought to the morrow, and in our work today plan so 
that the morrow will offer a richer life for our children. 

Are we of the engineering kinship, who are presum¬ 
ably well gained to determine facts and to reason from 
them, giving sufficient thought to the morrow? It is 
well on this occasion, in the atmosphere of these sig¬ 
nificant historical surroundings, to pause a few moments 
before taking up the technical part of our work, to 
consider briefly some problems of this interesting work¬ 
aday world of ours, to try to glean from the study some 
of the trends in our civilization and our relation to them. 

If it is true, as Professor East has written,* that 
stands today at the parting of the ways, with the choice 
of controUing his own destiny or of being tossed about 
by the blind forces of his environment, then it wiU be 
well for the engineer to concern himself more with the 
environment. He should take a larger part in the 
leadership seeking solution for the human problems 
that vitally influence the trends. Surely the bewilder¬ 
ing complexities of today require clear thinking, and 
who is better fitted for a thoughtful analysis of the 
factors on which development and progress depend? 

With this as a background, I should like to suggest 
some- thoughts that appear worthy of your careful 
consideration. 

The history of mankind shows a successive rise 
and decay of great civilizations. Reflection on this 
leads to the frequent questions: Is our civilization 
headed for decay? Are we also, like former ages, 
unable to bear up under prosperity and power? I 
shall not venture an answer, but let us consider 

1. “Mankind at the Cross Roads” by Edward M. East. 

*Delivered at the Summer CorwenMon of the A. I. E. E., Swamp- 
scotl, Maes,, June S4-S8,1929. 


some facts. Earlier civilizations existed on relatively 
small areas. Today the entire world is a neighborhood 
^made so largely by the work of the engineer. Not 
only is it a neighborhood world but a!so a much more 
densely^ populated world, and the great increase in 
population,^ we are told, started with the industrial 
revolution in the eighteenth century—also based on 
the engineer’s work. The engineer, responsible for so 
much that is, cannot shirk his responsibility for correct 
guidance of what shall be. 

Our civilization has come to be known as the Machine 
Age and as such it is both lauded and condemned. Presi¬ 
dent Glenn Frank* in a splendidly balanced analysis of 
S-SG and its trends, offers this comment: 

. . the masses have more to hope for from great 
engineers, great inventors and great captains of industry 
than from the social reformers who woo them with their 
panaceas. The greatest social progress of the next fifty 
years is likely to come as a by-product of technical 
progress.” 

Even in the Orient, where the materialism of the 
Ocddent is thought to sound the death knell of the 
spiritud, we find the famous Chinese philosopher. Dr. 
Hu Shih, in agreement, for he sees science and the new 
technology as the forces which restored to man a sense 
of self confidence and thus created the modem civiliza¬ 
tion of the West. He concludes that inventors, scien¬ 
tists, and producers of goods deserve the blessings of 
their fellows as spiritual leaders. 

Others of the interesting group that contributed to 
the symposium, “Whither Mankind,” inspired and 
edited by Charles A. Beard, seem to concur. As Dr. 
Beard summarized in part; ’^They are not oblivious 
to the evils of the modem order, but they do not con¬ 
cede that any other system, could it be freely chosen in 
place of machine civilization, would confer more dignity 
upon human nature, make life on the whole richer in 
Satisfaction, widen the opportunity for exercising our 
noblest faculties, or give a sublimer meaning to the 
universe in which we labor.’ 

With these encouragements let us try to see some of 
the things about us as they are. Let each of us com¬ 
pare this world of our experience with the dream world 
of our ideals. Let us see if as engineers we have not an 
exceptional opportunity to gain in our individual lives 
that true satisfaction which comes from an attempt to 
leave the world a better place than we found it. But 
first let us recognize that an engineer today is far more 
than Tread gold defined him nearly a century ago. In 

♦“Where is this Machine Age Taking Us” by Glenn Prank, 
in The Magazine of Business, Got. 1927. 
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addition to ^‘directing the powers of nature for the 
service of man” he now adds to the common welfare also 
.in fields more human. He finds himself occupied at 
times in social guidance so that the tools he has provided 
shall be properly used. 

One of the most significant and important trends of 
this day is the continuing movement of population from 
the rural regions to the urban, which, with the great in¬ 
crease in the world’s population, is thus rapidly ac¬ 
celerating the growth of cities. The engineer’s ma¬ 
chinery makes it possible to provide the necessary food 
with the expenditure of a lesser manpower than for¬ 
merly and his transportation developments readily 
bring the food to the urban population. But with 
rapidly increasing population the problem becomes 
more and more difficult. 

Professor East cites figures to prove that the maxi¬ 
mum food supply that can be produced on the land 
area of this globe available for that purpose will support 
a population of fifty-two hundred millions, a figure 
which at the present rate of increase, he says, will be 
reached in about a century. Long before that time it 
will become necessary to bring into production land 
which is now largely arid and difficult of access, and even 
then, occasional crop failures will result in widespread 
starvation. 

We can leave to the medical profession and to the 
biologists the task of checking population increase, but 
let us engineers face some of the attendant problems. 
We are not directly concerned with the exact decade 
when world saturation will be reached but we are 
vitally concerned with the provisions for living and for 
advancing civilization while man’s neighbors are crowd¬ 
ing closer and closer. The marvels of science have 
lulled the layman into a false sense of security. They 
have given him faith to believe that with the scientist 
and the engineer on the job the future will take care of 
itself. Perhaps it will, but only if the thinkers and the 
doers of this generation and those who follow put them¬ 
selves earnestly to the task. Intelligent thinking 
usually leads to intelligent action. No engineer 
worthy of the name can take a laissez-faire attitude on 
problems that deeply affect human welfare and progress. 

How does the engineer picture the future city? Is 
it to be a mechanical Colossus full of ingenious pro¬ 
visions for commerce and industry, for housing and 
for getting about, or will it be a place where man still 
has some contact with nature? The growth of our 
cities is both upward and outward. The upward 
limit is moving higher and higher, for both business 
houses and multiple dwellings, and all of the ground 
area that was formerly devoted to low buildings is 
being covered by the higher structures. The engineenng 
problems of transportation, of light and air and health 
for the highly congested population are not impossible 
of solution but we must admit that they are being taken 
care of only in part. Multiple decked streets above 
and below ground, huge ventilators, air conditioning 


devices, artificial light and other necesssary contri¬ 
vances are relatively easy to plan, though some of them 
are very expensive to provide; but is the sort of civiliza¬ 
tion that is likely to develop in a city of that character 
the kind that makes for a richer and nobler living? 
Are we building the City and forgetting the Man, as 
Grosvenor Atterbury® suggests, and are we not fast 
losing our sense of values? 

You remember the Greek legend of Hercules and his 
encounter with Antaeus, the giant whom Hercul^ met 
when on his trip to get the golden apples. Antaeus 
was a son of Mother Earth and each time he touched 
the ground his strength grew tenfold. Hercules wrest¬ 
ling with the giant noticed this increased strength so 
he finally caught him iip and held him in the air. 
Then, no longer having contact with Mother Earth, 
the giant’s strength sank and life ebbed away with it. 
Is this not symbolic of man’s experience when con¬ 
tact with nature is lost? Can a life develop properly 
when shuttling in crowded cars, through crowded 
streets or supercrowded subways, between an office 
which sees the sun for twenty or forty minutes a day 
and an apartment home in a high building closely 
touching elbows with neighboring high buildings? Is 
there a social problem involved in such city building 
and has the engineer no concern in it? 

Our physical surroundings, things we can change if 
we will, offer a fertile field for the interest of engineers 
with their vision and with their desire for lifting life to 
higher levels. I suggest that we give more study to 
and similar city problems and that we occasionally 
discuss them at Institute meetings, especially in our 
metropolitan sections. 

Let us consider some of the problems that are, as 
it were, at our elbow. One is that of automobile enpne 
exhaust in our cities, which has received all too little 
attention. This presents a serious health problem in 
the deep canyon-like streets. Investigators of carbon 
monoxide poisoning declare that this deadly poison is 
often found in city streets in sufficient quantities to 
impair health,.and in some instances to be the proid- 
mate cause of death.. And with the traffic jams on 
country highways, the holiday outing is now far from 

a health trip. ... 

While on the subject of air pollution let us in passmg 
note the factory and the apartment house chimmeys 
that still frequently belch forth dense clouds, often 
robbing man of beauty and of health. The engineer 
has provided a partial cure, but even our giant power 
stations, which receive the most expert engineering 
attention, still leave something to be deshed. 

There is another handicap to which little thought 
is given,—^the deleterious effect of noise on the ner¬ 
vous system. Scientific tests have shown a marked 
reduction in labor efficiency due to noise, and British 
physicians have even advocated an act of Parliament 

2. “Our Monster City and Its Life” in N.Y Times Maga- 
zinefJ^iDL. 13,1929. 
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prohibiting needless noise in the interests of the nation’s 
health. Certain it is that our present day business and 
professional life draws heavily on our nerves, and all 
too many men collapse imder the strain. Relief from 
noise as one contributor to the strain is thus a direct 
public benefit. 

And how much are we interested in the backyard 
regions of our industrial cities? Many of these reflect 
little credit on our advanced civilization. Disorderly 
diimpheaps and scrap piles are still all too common. 
They enrich no lives spent among them; rather they are 
likely to develop that element in our citizenry with which 
the forces of law and order are in constant conflict. 
The appalling waste that this entails affects much more 
thari our taxes. Good housing and neighborhood 
cleanliness go far .toward making life for the lowly 
conform more nearly to the picture of today’s 
accomplishments that we paint with such pride. 

The engineer knows that most of our cities have 
grown more or less hodge podge during the crude 
developmental years of our country He knows also 
that correct growth demands guidance, and this means 
a city plan. Fortunately many cities, taking the lesson 
from the important European centers, have seen the 
wisdom of proper planning and are correcting misfits 
of earlier decades and are providing better guidance for 
the future. But the problem is today one of even 
greater extent—one of regional planning, and engineer¬ 
ing enters largely into this also. Here is a field which 
arouses the enthusiastic interest of every true engineer. 
He realizes that the suburban regions are rapidly 
filling with dwellings and to some extent with factories. 
He knows that if life is to be lifted to better things 
these newer developments must be coordinated properly 
so health, convenience, beauty, and the opportunity for 
wholesome family life may all be properly provided for. 
In this and similar activities the engineer will seek the 
greatest dividends in terms of human happiness. 

The increasing population. Professor East says, 
requires that each year forty million acres more must be 
tilled and harvested than the year before to provide 
sufficient food, and this clearly makes countries more 
and more dependent on one another and at times will 
shift the direction of the dependence. The engineer 
has brought countries together by rapid transportation, 
by land, by sea, and by air, and has tied them still 
closer by achievements in communication, and now 
even by international power lines. What can he do to 
hold them together as friendly neighbors? The answer 
here goes to the very bottom of man’s relation to man. 

The material work of the engineer deals with nature’s 
laws. He knows he must understand these laws and 
must use truth in his work or it will fail. Engineering 
analysis applied to human relations similarly seeks to 
find the imderlying laws. A study of past civilizations 
indicates that they failed becai^e of violation of that 
basic social law which bids us do unto others as we 
would have them do unto us. Is it too idealistic to 


expect improvement in our day to come as a result of 
more engineering in government, that is, more of the 
engineering method applied to the solution of questions 
that tend to bring discord between peoples and, between 
people? There is encouragement in the statement 
made by Bertrand Russell,* look, therefore, to the 
western nations, and more particularly to America, to 
establish first that more humane, more stable and more 
truly scientific civilization toward which, as I hope, the 
world is tending.” 

Technical achievement has almost eliminated manual 
drudgery. The habit of technology to be guided by 
basic law holds out promise that “man’s inhumanity to 
man” may likewise be banished. Is this also too opti¬ 
mistic? Has human nature remained unchanged 
through the ages, as is so often stated? May I refer 
the pessimists, if there be such here, to any story that 
portrays life during earlier periods, as for instance, 
“Power” by Leon Feuchtwanger. The reader of this 
gripping tale of the ruthless standards of the eighteenth 
century will congratulate himself that he is living in the 
twentieth. 

Our machine civilization is still young, and we can 
attribute to growing pains many of the conditions 
that today prevent man’s best development. How¬ 
ever, a look toward the horizon will show many en¬ 
couraging signs. 

Our country, appreciating the keen need of the time 
for the engineering approach to the important problems 
of state, has elected an outstanding engineer to the 
presidency. In other countries the engineer must 
similarly stand at or near the helm if this civilization is 
to survive. This does not mean that he alone is to be 
the savior of mankind, but in this age of cooperation, the 
engineer, together with the doctor, the lawyer, the 
economist, the sociologist and other trained minds, 
must apply himself to a scientific solution of social 
problems in addition to furthering material developr 
ment. He must join forces with all those 

". . . . whose law is reason; who depend(s) 

Upon that law as on the best of friends,” 

with men who can find facts and who can face them 
boldly and honestly. 

The engineer’s work has started many trends in the 
direction of relief from some of the world’s growing 
difficulties. A notable one is the spread of electric 
power into areas away from congestion, thereby per¬ 
mitting at least a partial decentralization of industries 
and of population. This spread is greatly advanced 
by the interconnection of power systems now so com¬ 
mon all over the country, while the ease of getting 
about with automobiles is another important factor. 
A further material aid is the extension of electric distri¬ 
bution lines into rural regions so that modem methods 
can be applied increasingly to agriculture, both in the 
field and in the home, wMle the telephone and radio 

3. “Whitber Maiikmd’* edited by Cbairles A. Beard. 
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are keeping farm operators in touch with the latest in 
music and education. Great as the progress has been, 
much still remains to be done in these fields. 

Among other items that bring cheer and stimulate 
optimism may be mentioned the increasing interest 
now being taken in sane city and regional planning, the 
efforts of important industries looking toward elimina¬ 
tion of waste and the conservation of our resources, the 
conversion of former wastes into profitable by-products 
and particularly the growing reclamation of wastes in 
agriculture. 

But here is a bit of pessimism.—The high speed at 
which life seems to be driven today and the apparent 
immersion of large numbers in gross materialism has 
filled some people with fear and misgivings regarding 
the future. Thus we have the Bishop of Ripon seri¬ 
ously suggesting a ten year holiday in science to give 
the culture of the soul an opportunity to catch up with 
the rapid material progress. But the fear that the 
^‘spirit” cannot grow in an atmosphere of “science” is 
not a new one. A century ago Edgar Allen Poe in his 
Sonnet to Science wrote in part 

“Hast thou not dragged Diana from her oar, 

And driven the hamadryad from the wood 
To seek shelter in some happier star? 

Hast thou not tom the naiad from her flood. 


The feeling that our present material progress is not 
really making for a richer life is expressed by many 
more. Even our own Lorado Taft, with a fine enthusi¬ 
asm for beauty and an outstanding genius for creating 
it, is led by his observation to conclude that Americans 
are practically immune to the arts, have no joy in 
creating, and are not interested in the most important 
thing of all, the creation of an ideal civilization. 

What answer have we engineer optimists to these 
critics?— 

The good bishop sees but a small part of the picture 
and that not the bright and inspiring part. When the 
young Poe wrote his sonnet the Age of Electricity had 
not dawned. His hamadryads and naiads would today 
bequite athome with most of our scientists and engineers. 
And our gifted sculptor seems to feel that the progress 
made through technology expresses itself mainly in 
jazz. He fails apparently to see the poetry in the work 
of a Millikan, a Langmuir, a Steinmetz, or an Edison. 
He should see, as Pupin and others so clearly see, the 
idealism of the American machine. 

The engineer with his enthusiasm over the human 
purpose of technology's accomplishments is guided by 


his ideal of a better living for man, but he keeps his feet 
on the ground in a practical effort to reach this goal step 
by step. He appreciates that 

“Heaven is not reached by a single bound; 

But we build the ladder by which we rise 
Prom the lowly earth to the vaulted skies. 

And we mount to its summit round by round.” 

The important thing is to be mounting the rounds. 
That we are moving onward and upward I for one 
firmly believe. 

Is not one true indication of the direction in which 
we are moving found in the growing appreciation of 
beauty? The advertising pages of our magazines 
clearly show the turn of the tide. On every hand 
commercial competition seems to be along lines of 
greatest devotion to a beautiful product, and this is not 
confined to automobiles and bathroom fixtures. Art, 
which Henry James called “the shadow of human¬ 
ity,” is at last finding its place in industry. 

The engineer accepts the line from Keat’s famous Ode 

“Bcftuty is truth, truth beauty.” 

He is conscious of the beauty and the romance in many 
of the facts he deals with but he does not let his enthu¬ 
siasm over the beauty, or his dreaming stirred by the 
romance, blind him to a proper weighing of the facts. 
Rather he develops from his i'eaming a use of the facts 
for the further enrichment of life. 

And what of the engineer of tomorrow? What 
thought are we giving to him? Engineers appreciate 
that by their example, as well as by their encouragement 
and active help given to educators and to the engineer¬ 
ing novitiate, they are building the foundations of the 
profession more firmly and raising it ever higher. 
They know that education for useful living is not com¬ 
pleted in college. It continues throughout life. 

Our Institute, representing the electrical section 
of American engineers, offers the fellowship of kindred 
souls, a broadening of outlook and of knowledge, a 
blending of humanism with technology. It cames 
inspiration to its members to be not only technicians 
of high order but also trained seekers of the needs of 
mankind, applying their skill and their knowledge to the 
end that life for the teeming millions of their fellowmen 
may be made more worth while, less burdensome, more 
healthful, and more noble. 

Thus, my friends, do I conceive the true engineer,— 
one, who in thought and deed, is and ever will be a 
practical idealist. 
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Synopsis. Tests of circuit breakers, relays, and similar devices 
%n which current transformers have been used to step down the large 
currents involved to values measurable by the oscillograph, have 

shown peculiar errors in the records during the transient portion 
of the current wave* 

The pm-poee of this paper ia to show that the ahnermal excitation 
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of the magnetic circuit of the current transformer required during 
transient conditions is the cause of these errors, and to point out how 
the errors may be minimized sufficiently to be negligible. 

Mathematical expressions are also derived to make it possible to 
predetermine the ability of a transformer to handle transients 
correctly and to guide in the design of transformers for this service. 


T his paper is closely related to the problem of the 
measurement of transient alternating currents. 
"V^^en certain apparatus such as circuit breakers 
are subject to short circuit tests, it is desirable to have a 
correct indication of current during the transient 
condition. 

In the past, two methods have been used for measur¬ 
ing heavy transient currents, namely, the non-inductive 
shunt and the current transformer. Considerable field 
testing has demonstrated that these methods have in¬ 
troduced difficulty under .some conditions. When the 
shunt is used it is of course necessary to insulate it and 
associated oscillograph apparatus from ground to the 
extent of full line voltage. Furthermore, non-inductive 
shunts can be used only with non-inductive measuring 
devices and therefore cannot be used with the current 
coil of watt oscillograph elments, which are highly 
inductive, for the measurement of instantaneous power. 

Even with resistive burdens inaccuracies will result 
due both to self inductance and mutual inductance on 
multi-phase set-ups. 

The use of the current transformer for the measure¬ 
ment of transients has resulted in some inaccuracies 
under certain conditions. In this paper efforts have 
been made to determine the causes of the errors which 
occur, the extent of the errors, and their elimination or 
minimization. The causes of the errors are first briefly 
outlined. A discussion of the practical importance of 
the errors is given. A mathematical exposition of the 
theory is given, including the formulas for designing 
transformers haying suitable characteristics for the 
measurement of transients. A number of oscillograph 
records, amplifying and cheeking the theory, is 
presented, and finally a method is given for testing 
transformers to determine their suitability for use under 
transient conditions. 

The authors are indebted to Mr. J. P. Peters for 
constructive criticism and to Mr. L. R. Smith for as¬ 
sistance given in conducting the tests. 

Outline op Causes of Errors and Their 
Characteristics 

If the circuit in which the primary of the current 


transformer is connected contains both resistance and 
inductence the current flowing in that circuit, just 
after its switch is closed, will not always immediately 
assume a pure sinusoidal wave form but will be dis¬ 
placed from its normal zero axis in a manner .qiTnilflr to 
the current curve shown in Fig. 1. (For equation of 
this curve see Equation (4) in the Mathematical Ex¬ 
position.) 

Thfe asymmetry rapidly decreases and in practical 
circuits disappears in about 3 to 15 cycles of GQ-cycle 
current. The degree of asymmetry depends on the 



(A) a Asymmetrical current wave 

(B) a Displaced zero avin 

point of the voltage wave at which the switch is closed. 
The'current wave is practically normal if the switch is 
closed when the voltage is at its maximum and may be 
entirely above or below the zero line, if the switch is 
closed at the zero of the voltage wave. The point on the 
voltage wave at which the switch is closed is usually a 
matter of chance, although it is sometimes argued that 
inasmuch as in high-voltage circuits the current might 
start before the switch is completely closed, the first 
case, is the more probable. Thus in the majority of 
cases, the transient will be comparatively slight. (Fig. 
1 is calculated on the basis of a closure under the worst 
possible conditions.) 

The important thing to appreciate, as far as this paper 
is concerned, is that this dissymmetry is quite likely to 
occur just after the switch is closed. This paper there¬ 
fore treats of the effect of the dissymmetry on the mag- 
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netizing current and the resultant error in a current 
transformer under such transient conditions. 

The error is due to the over-saturation of the trans¬ 
former which is caused by the d-c. component of the 
asymmetrical current. This condition is of course ag¬ 
gravated if the secondary burden is excessive. The 
error in transformation will vary also, depending upon 
the amount of residual magnetism and its polarity with 
respect to that of the d-c. component. For this reason, 
in tests where accuracy is essential, the transformer 
selected for use in measuring transients must be de¬ 
signed for a low degree of saturation at the burden to 
be imposed and must be demagnetized between suc¬ 
cessive heavy shots. On t^ts which do not come up to 
the knee of the saturation curve, the residual will prob¬ 
ably be so slight that demagnetization will not be 
required. 

A mathematical solution of the problem, based on 
certain assumptions, which derives expressions for the 
wave form of the transformer magnetizing current and 
which gives formulas for use in applying and designing 
transformers for this service, is given under the heading 
of Mathematical Exposition. An absolutely rigid so¬ 
lution of the problem for an iron core transformer is 
impossible but enough can be done mathematically to 
throw considerable light oh the problem. The equations 
and the data indicate that the inaccuracies of the cur¬ 
rent transformer during unsymmetrical transients are 
caused by the large flux required to generate the voltage 
necessary to reproduce the transient in the burden of 
the transformer. The maximum value of transient 
flux is dependent on the magnitude of the current, the 
duration of the transient, the design of the transformer, 
and the secondary burden. 

A series of tests was made to check and amplify the 
mathematical theory and the data thus secured are 
given under the heading of Test Data in this paper. 

Practical Importance op Errors 

As these errors are caused by the diss 3 nnmetry of the 
primary current which is dependent on the cyclic time 
of closing the switch, their appearance is rather uncer¬ 
tain, but always possible, and may cause erroneous 
conclusions on an important test. 

The magnitude of these errors is generally compara¬ 
tively slight, although on extremely heavy short cir¬ 
cuits of a high degree of as 3 nnmetry, with a particularly 
unsuitable transformer having a heavy secondary 
burden, the degree of over-saturation may be so great 
as to cause an error of roughly 50 per cent in the r. m. s. 
value of the first current wave. The most noticeable 
effect of the errors is the distortion of the secondary 
current wave shape rather than serious diminution of 
the crest value. 

In most cases the error thus introduced is compara¬ 
tively unimportant except in the cases of high speed 
relay operation and watt oscillographs. The great 
majority of tests to determine rupturing capacity of 


circuit breakers are so made that the current has reached 
a steady state condition before arcing starts. Even 
though this condition has not been reached, the r. m. s. 
current of the first half cycle of arcing is usually de¬ 
termined from the crest value, with due allowance for 
the displacement of the neutral axis, on the assumption 
that the wave is of sinusoidal shape which partially 
corrects for the a*ror but always indicates a lower cur¬ 
rent than actually occurred. 

In oscillograph testing, however, the accuracy re¬ 
quired is not of as high an order as required for 
current transformers used with wutthour meters, 
hence the allowable flux density is higher. The oscillo¬ 
graph burden is lower than the usual burdens. These 
two factors tend to compensate for the high value of 
transient flux required, thus making the problem of 
applying or designing a suitable current transformer 
less difficult than might appear. 

The only competitor of the current transformer has 
been the non-inductive shunt. This method, however, 
presents difficult insulation problems as the oscillograph 
elements must be directly connected to the high-voltage 
lines. ^ It should also be fully appreciated that a non- 
inductive shunt is only allowable for use with non-induc¬ 
tive burdens. It must always be of the same time 
constant as the burden. This effect is not serious for 
straight current measuring oscillograph elements. Watt 
oscillograph elements, however, having current coils of 
relatively high inductance, can not be used with non- 
inductive shunts. 

The current transformer works better, if anything, 
for inductive than for resistive burdens and may be 
used for any type of element. Against the disad¬ 
vantages of demagnetizing transformers may be set the 
added safety to operators, the lack of necessity of in¬ 
sulating the operator and instrument from ground, and 
the possibility of using the transformers supplied in the 
apparatus under test instead of special equipment. 

Mathematical Exposition 

In any transformer the flux, voltage, time, relative 
in a form independent of wave form is: 

d (f> 10® 

where 

e = instantaneous volts as a function of time. 

<l> — flux lines. 

N = number of turns in coil threaded by and generat¬ 
ing e. 

t - time in seconds. 

c ~ & constant depending on value of ^ g,t zero time. 

Thus to calculate the flux threading a coil generating 
a known time wave of voltage it is necessary to integrate 
the voltage-time relation from the time when the volt- 
age started . In other words, the flux through the coil 

1. For references see Bibliography. 
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at any time is proportional to the area under the volt¬ 
age time curve from the time when it started to the 
given time. 

There are two practical methods of calculating the 
voltage in the secondary winding of a current trans¬ 
former when a given current flows in the primary 
winding. The first way (a) is to assume that the 
magnetizing current is negligible and that therefore 
the secondary voltage is equal to the primary current 
divided by the transformer ratio multiplied by the 
secondary circuit impedance. The second way (6), is 
to make use of a so-called equivalent transformer circuit. 

The first method is obviously the least accurate 
but has the great advantage of simplicity; it is equiva¬ 
lent to calculating the fiux of an '‘ideal” transformer, 
that is, one having a magnetic circuit of zero reluctance. 
As this condition defines the limits of the problem we 
shall use it first. 

Mcdh&matical Solution (a) 

As we are assuming that 

. . 

ta - (2) 

Where 

ia = secondary current 
ip - primary current 
N» — secondary turns 
Np = primary turns 

it is evident that Equation (2) for this case will take on 
the form: 


^ r / D • , r \ j 

^ ~ J ^ ^2 * 3 , + 1/2 jdt c 


N, 
m Np 


^ ^ R 2 ip d t Ij2 "1“ c J 


(3) 


where R 2 and Lz are secondary resistance and induc¬ 
tance respectively. 

If we consider the case of an unsymmetrical transient 
such as occurs on transmission lines and other circuits 
containing resistance and inductance in series, we shall 
substitute for the primary current: 



[^sin (o)«-h O') — 


sin CK e™ 


(4) 


where: 

i = instantaneous current at time (<). 

I = maximum value of steady state current. 


a 



tan ^ j phase angle which fixes value of 


instantaneous volts when (t = 0). For maximum 


T = time constant = of total primary circuit. 

^ter performing the indicated operations, the expres¬ 
sion for fiux in the transformer core becomes: 

j 10® Np ^ r 1- — - 1 _ . . F 

|_ sin I CO i 

-fa- tan-i -f (E 2 T- U) sin a c] 

(5) 

As pointed out above the dissymmetry is at its maxi¬ 
mum when the switch energizing the primary circuit 
is closed at the time when a = 90 deg. Hence the flux 
for maximum transient is: 

^ 10® AT. r 1 - / 

^ ~ L f 6) i 

CO Li2 \ — — _L1 

+ tan-i j - Es T (I - € ^) - L2 € ^ J ( 6 ) 

The constant (c) is solved for on the basis that 
(0 = 0) when = 0 ) 

This egression consists of the usual steady state 



Fra. 2—^Wavb Fobm op Flux Rbqttibbd to Reproduce 
Exactly Transient op Fig. 1 

< jl) = Flux caiised by steady state current 
(2?) "■ Flux caused by transient current 

sine wave term and an exponential term which is 
caused by the dissymmetry of the primary current 
wave. A curve of this wave shape is plotted in Fig. 2, 
the dotted curve being the shape of the exponential 
term, to which is added the sine term in heavy line. 
The ordinary steady state flux is also shown, plotted 
for comparison about the zero line. 

Esqpression (6) reaches its maximum when t = 00 
and is equal then to: 

^ 10® .r r 1 - 1 

4>ma» — L ^ "S/R^ + CO® -f R 2 Tj. (7) 


transient, a = — 


This expression gives the magnitude of the maxi¬ 
mum flux without regard to sign. It will be noticed 
that the secondary inductance of the transformer has 
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no effect on the maximum transient flux. Its only 
effect is on the steady state. 

For the usual case of a ring type transformer having 
a well distributed secondary winding connected to 
an oscillograph, the secondary inductance is negligible,^ 
and by assuming it equal to 0 in Equation (7), 

108 Np ^ Ri 

Ip ^ [ 1 + 0 ) T], ( 8 ) 

but the portion preceding the brackets is equal to the 
steady state flux so that the latter part can be called 
the transient flux multiplier: 

= [1 + £0 T] (9) 

This simple expression is of value in judging the 
severity of a transient as regards the saturation of the 
current transformer cores, as it required no knowledge 
of the transformer constants. 

Mathematical Solution (6) 

The second method of solution, by equivalent cir¬ 
cuits, fits the case much closer than the first method but 
is considerably more involved. It will, however, give 
equations for magnetizing currents which are closely 
borne out by oscillograph records, and equations may be 
derived which give quite accurate values for errors 
and maximum flux values as they are affected by the 
constants of the transformer itself. 

It assumes a non-saturated transformer and neglects 
the hysteresis and eddy current effects. This assump¬ 
tion is not serious because the transient portion of the 
flux is practically unidirectional and saturated trans¬ 
formers are out of the question entirely. It should be 
appreciated that where equivalent circuits are used 



Fia. 3 —^Equivalent Circuit ov a Voltaob Transformer 

we shall speak of magnetizing current instead of flux 
on the basis that they are directly proportional. 

The transformer may be considered as equivalent 
to the circuit of Fig. 3 
where: 

Rp — resistance of primary. 

Lp = inductance of primary. 

Rm = equivalent iron loss shunt resistance. 

L« = equivalent magnetizing shunt inductance. 

Rs = resistance of secondary. 


L, = inductance of secondary. 

El = burden resistance. 

Ll = burden inductance. 

The above equivalent circuit is the one given by 
standard text books,^ and applies to transformers 
operating with constant voltage applied to the primary 
winding. If the current in the primary winding is 
known, then Rp and Lp are no longer of interest in 
determining the secondary current. When the iron 
loss is considered as neghgible, the resistance Rm is 
infinite and the equivalent circuit for the current 
transformer therefore reduces to the circuit of Fig. 4 
where R^ = R, + El and L 2 = L, + Ll. For con- 




li —► 


Fig. 4—^Equivalent Circuit op a Current Transformer 
Considering tee Iron Loss Negligible 


venience we shall call the magnetizing inductance Li, 
thus Ll = L«. The primary current is i, the mag¬ 
netizing current i\, and the burden current u (referred 
to secondary). 

To solve for the division of currents we write the 
following equations: 


Ll 


di\ 
d t 


= E2 ^2 + L2 
- i—ii 


d ij 
d t 


From (10) and (11) 


dix 

dt 


+ 


Es 


L 1 +L 2 




= —f 

L1+L2 V 


U +Bsi) 


( 10 ) 

( 11 ) 

( 12 ) 


The general solution® of this type of differential 
equation is: 


ll = 


-■R 21 

Ll 


L 1 +L 2 




d t 


-Rti 
La +Ii2 

+ C€ ( 13 ) 

where i equals any function of time. To simplify the 
writing of the exponent we shall indicate the quantity: 


E 2 1 

Ll + L2 Ti 


( 14 ) 
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Hence (13) becomes: 

— - J- 

/^ / d i \ Tt 7^ 

— Ri Ti e J yRzi Li j ^ + c e (15) 

By the use of this equation we may determine the 
magnetizing cun’ent wave shape for any shape of pri¬ 
mary cwrent, providing of course that the resulting 
expression is possible to integrate. 

Case of Primary Current Containing 
Unsymmetrical Transient 

If the primary current is unsymmetrical it may be 
represented by the following equation as given earlier • 
in the paper. 


period of the primary current that causes all the trouble 
through saturation at that time. 

By comparing Fig. 5 with Fig. 2, in which the flux 
required in an ideal transformer (one having zero 
reluctance in its magnetic circuit) is shown, it may be 
seen that the actual transformer tries to follow the 
action of the ideal, but cannot due to the necessity of 
its drawing the large unidirectional magnetizing cur¬ 
rent required from the primary current. The primary 
current has but a small unidirectional current and hence 
cannot supply the unidirectional magnetizing current 
required by the transfonner. The magnetizing cur- 


i = I [sin (CO ^ H- O') — sin O' € J 
See Fig. 1. 

If this expression is substituted in (15) the equation 
for the magnetizing current will be found to be: 

VRi^ + co^ r 

—[sin (a=( +« + </,-A) 

-sin(c«+<^-A)/‘]+'^? _/■) I 

L 1 -I-L 2 CO 1/2 

; tan 0=-^; tan A = ^1 co; (ii=0), (i=0). 
This expression is plotted for a given set of more or 


= J 



Pig. 6—Sssoondabt Cttbrent fob Thansibnt of Pig. 1. 
Tbansfobmer Constants as Shown in Equivalent Circuit 
AND Assuming Straight Line Saturation. Plotted from 
Difference of Pigs. 1 and 5 
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Pig. 5—Magnetizing Current for Transient of Pig. 1. 
Transformer Constants as Shown in Equivalent Circuit 
AND Assuming Straight Line Saturation 

less arbitrary constats in Fig. 5. It wiU be noticed 
that the equation is divided into three parts, the 
ordinary steady-state sine wave of magnetizing current, 
^e transient term, and a third term whose function 
it is to make the value of magnetizing current zero at 
zero time. The last two terms combine in the form 

7 (^ + -S) e (17) which is shown as the.dotted 
curve in Fig. 6, to which is added the steady-state 
magnetizing current drawn as a solid line. It is this 
transient term which may add so much to the flux 
required in the transformer core during the transient 


rent must therefore fall gradually to zero. This de¬ 
creasing flux generates a unidirectional voltage which 
causes a current through the burden circuit. This cur¬ 
rent enables the flux to gradually decrease to steady 
state form and also causes an apparent shift in the 
zero line of the secondary current which is clearly 
noticeable in Fig. 6. Thus the fact that the ideal 
magnetizing current requirements cannot be met 
results in a secondary current of higher decrement than 
the primary current and an apparent shift of its zero 
line. 

The reader should bear in mind that the foregoing 
equations are derived on the assumption of constant 
permeability of the iron core. If the core becomes 
saturated the exciting current would look more like 
the upper curve in Fig. 7. 

The above expression (16) is general, that is, it con¬ 
tains provisions for both variation in the shape of the 
primary current transient as affected by variations in 
the phase at which the main circuit is closed, and also 
provision for an inductive burden. If now we make an 
assumption of no secondary leakage inductance, which 
is justified on the ground that the oscillographic circuits 
and the through ring type transformers with which 
we are mainly concerned are very closely non-inductive,^ 
and that the inductance which is present in the secon¬ 
dary circuit has but small effect on the transient flux, we 
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can deduce several expressions which will prove useful 
in the design of transformers for this service. 

If we substitute in Equation (16) the following: 

Li = 0, sin Qj = 1, (which causes maximum primary 

transient), 

we have: 


T — 

_ t _ T 

T- 


€^^) + 


e 

1 + aj2 r 



(18) 


which give the shape of the magnetizing current as a 



TIME IN SECONDS 


Fig. 7—Ampeeb Tvbns Rbquibed to Pbodvcb Flux op 

Fig. 5 


(Hysteresis assumed negligible) 

(A) =• Flux wave 

(H) = Ampere turns to produce flux in curve A assuming saturation 


function of (Ti) 



This factor is easily calcu¬ 


lated from the magnetizing current-voltage character¬ 
istic of the transformer, and the total secondary 
resistance. 

Maximum Value of Transient Flux. As given before 
the transient term may be represented by Equation 


A € ^ — {A + B) = u 
where u represents the transient portion of the magnet¬ 
izing current. Differentiating (17) and equating to 
zero, we find that 

TTi 


= log, [ 


r 

A -|ri-r 

L T 

A -j-B J 


(19) 


which is the time at which the transient term reaches 
its maximum value. 

Substituting this expression in Equation (17) we 
. have for the maximum value of the transient magnet¬ 
izing current: 

~Ti -T 


U max ” 



A 

A+B 


-ITi-T f 

J (A+B)l 


Ti A “iri-r 
T A H-bJ 


By substituting the values of the constants of 
Equation (17) in the above Equation (20), the correct 
maximum value of the transient magnetizing current 
will be obtained. 

For design purposes Equation (18) is accurate to 
a high degree. By taking the coefficients as given 
there and substituting in (20) and by the use of a 
justifiable assumption the following simpler equation 
for the maximum is derived: 

(21) 


where as before, 


Ti 



T — time constant of primary transient, 


and I — maximum value of the steady-state primary 
current. 

The assumption is that z — , = 0. This will 

1 + CO* Ti* 

in general be closely true for all iron core commercial 
transformers. 

The quantity Umax is plotted on a percentage basis 
for three representative values of T as a function of 
Ti in Fig. 8, where I is considered as equal to 100 per 



Fig. 8—Ratio op Maximum Tbansibnt Magnetizing Cue- 
bbnt to Maximum Steady State Pbimaby Cubeent in Pee 
Cent fob Dippbebnt Values op 

{T represents time constant of primary drcait) 


cent. (I) may be either primary or secondary depend¬ 
ing on reference. This equation and the curves give 
the maximum transient error of the transformer under 
the foregoing conditions. 


By dividing by 


111 

CO Lx 


(the usual approximation 


for the steady-state magnetizing current) we obtain 
a transient flux multiplier similar to the variable 
part of Equation (9): 

rr, Tl 

^ / T \Ti-T 

mi=^ coTxy-^ ) ( 22 ) 


(20) This multiplier gives the ratio between the maximum 
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transient flux or exciting current and the steady-state 
flux or exciting current. This expression is plotted 
under the same conditions as Equation (21) in Fig. 9. 
If the ratio of the maximum total transient flux to the 
steady-state flux is required the expression is: 

mi-[«ri(-|^)’’‘'’’ + i] (23) 

When Ti is infinite the transformer is ideal and the 
above expression reduces to expression (9). 

Case of Primary Current Containing Both 
Symmetrical and Unsymmetricai. Transients 

When an alternator is short circuited the armature 
reaction is in such a direction as to decrease the mag- 



Fig. 9—Ratio op Maximum Transient Magnetizing Cur¬ 
rent TO Maximum Steady State Magnetizing Current por 
Dippbhbnt Values op 

(r represents time constant of primary circuit) 


netism of the revolving field. This causes the generated 
voltage to decrease from an initial to a final value 
exponentially as the flux decreases.® 

If the short circuit should occur at the time the 
voltage is approximately zero, there will also in general 
occur an unsymmetrical transient similar to those 
encountered before in this paper. 

The current flowing under these conditions may be 
represented by the expression: 

f = T 2 C sin (co < 4- a) — sin a € ^ J 

r F — 1 

+ /i L e sin (co i -1- j8) — sin jS e ^ J (24) 
a = ^ tan->^^^). 

If this current is passed through the transformer 
the magnetizing current is given by: 


ii = 





^ sin (coi -f 



+ 


B 


VI + Ti^ 


Isin (co « + o: - A)] 




C T . . / T ri \ 

- sin « € - € j + 


D € . 


^ _ ojTzTi _ 

t^u T rp _ T * tan A = co Ti. 

There is no simple method of finding the maximum of 
this equation, but it will be noticed that the only term 
that can cause a very high rise of flux is the third term. 

This term is the same on which our previous opera¬ 
tions for maximum were made and therefore we may 
safely state that conclusions arrived at previously for 
maximum flux values in uns3nnmetrical cases may be 
applied to cases containing both symmetrical and 
unsymmetrical transients by simply neglecting the 
alternator decrement. 

Test Data 

As a check on the theory, a series of tests was made 
on several through type current transformers. For 
the purpose of separating the exciting current com¬ 
ponent from the primary current a scheme shown in 
Fig. 10 was used. A primary circuit was set up to have 
definite pre-determined values of resistance and in¬ 
ductance such that transients of definitely known 
time constant, (T), could be obtained. Non-inductive 
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Fig. 10 Schematic Diagram op Transient Testing Circuit 


shunts were used in parallel with the oscillograph 
elements Vi and Ys to obtain the total secondary cur¬ 
rent and the total primary current. A combination 
of three shunts of equal value was used in the differen¬ 
tial circuit with oscillograph element V 2 for the purpose 
of obtaining the difference between the primary and 
secondary currents. As the ratio of the transformer 
is 2 to 1 and as the resistance of element Ya is high in 
comparison with the resistance of the shunts, the 
deflection of the element Ya will be proportional to 
the difference between the primary and secondary 
currents, thus giving a measure of the exciting current 
or instantaneous error of the transformer. 
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The circuit supply of 1100 volts, 60 cycles was con¬ 
trolled by a hand operated oil circuit breaker and a 
synchronized switching arrangement. As illustrated 
in Fig. the control of the quick-close, single-pole 
knife smtch (short circulating switch) was so arranged 
as to make it possible to start the transient on any part 
of the voltage wave. The control of the oscillograph 
allowed the shutter to be opened, the film to start 
moving, and the synchronous switch to operate all in 
correct sequence, thus insuring a film with the proper 
transient well spaced each time. For .the tests described 
herein the transient was started at the point on the 
voltage wave which caused the maximum dissjmunetry 
of current. The drum driven by the ssmchronous 
motor was also provided with a stroboscope arrange¬ 
ment in conjunction with a neon lamp for the purpose 
of checking synchronism and also for easy reversal 
of successive transients on OCO test. 

The transformer used for these tests was a ring 
type constructed to fit the standard 37,000-volt con¬ 
denser type bushing having design constants: 

(a) Secondary turns.100 

(b) Core diameter inside.4^ in. 

(c) Core diameter outside.6 H 

(d) Core cross sectional area.4,26 sq. in. 

(e) Secondary resistance.0.1668 ohms. 

(f) Saturation characteristic (referred to secondary). 

Amperes Volts 


0.2 32 

0.5 73 

1.0 90 

2.0 99 

8.0 112j 

By short circuit impedance test of the transformer 


Pig. 


I 



11—Schematic Diagram op Synchronovs Switching 
Arrangement 


with wound primary it was determined that the leak¬ 
age inductance of both primary and secondary is 
exceedingly small, power factor 99 per cent, thus justi¬ 
fying the assumption made in the theory oi zero leak¬ 
age inductance. 

To allow the use of the measuring scheme of Fig. 
10, it was found necessary to use relatively low values 
of current. Thus, to simulate the actual transformer 


performance under heavy short circuits, it was neces¬ 
sary to wind a primary of 50 symmetrically spaced 
turns on the transformer, thus giving the effect of 800 
amperes, (800 ampere turns). 

Numerous tests were made under various conditions 
of circuits and transformer which are outlined as follows: 

1. The instantaneous current waves were obtained 
for several different secondary burdens and primary 
currents. 

2. The instantaneous exciting current waves for 



Pig. 12 —Oscillogram op OC Transient with Oscillo¬ 
graph AND Shunt Burden 

various transient circuits were investigated by varying 
the constants of the primary circuit and by varying 
the instant of start of the transient with respect to 
the voltage wave. 

3. The effect of varying degrees of residual magnet¬ 
ization was determined by magnetizing the test trans¬ 
former with different values of direct current before 
subjecting it to transient tests. 

In all cases oscillograms indicate the supply voltage, 
primary current, exciting current, and secondary cur¬ 
rent. This permits of easy inspection of the results 
regarding the form of transient and the exciting cur¬ 
rent waves. Most of the tests were made on OC basis; 
however, the conditions to be expected under OCO 
conditions were investigated to show the effect of 
residual flux. In all cases, except as otherwise men¬ 
tioned, the tested transformer was demagnetized by 
using gradually decreasing 60-cycle supply. This 
removes residual magnetism and permits of direct 
comparison of the data. 

The results, in the form of oscillograms, of a few of 
the tests and their analysis are given individually. 

Fig. 12. This oscillogram was taken with the trans¬ 
former thoroughly demagnetized and approaches closer 
to the theoretical curves than any of the oscillograms. 
The primary current is identified as Ip, the secondary 
by Is, and the differential or exciting current by Id/. 
The transient portion of the magnetizing current is 
well above the zero line. This current gradually dies 
down to a steady state of very small amplitude sym¬ 
metrical with reject to the zero line. This film should 
be compared with Figs. 1, 5, and 6. 
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The power factor of the primary circuit is 5,77 per 
cent which corresponds to a time constant (T) of 
0.0447. The total secondary circuit resistance includ¬ 
ing oscillograph shunts is 0.30. Since the exciting cur¬ 
rent of the transformer is 1 ampere at 90 volts on the 
'‘Imee’’ of the saturation curve, then we can determine 
that the average value of (T,) in Equation (18) is 0.795. 



Fig. 13 —Oscillogram of OC Transient, Previously Mag¬ 
netized Transformer 

The time at which the transient portion of the mag¬ 
netizing current should be a maximum is given by 
Equation (19). Substituting the value of Tx calculated 
above the time obtained is 0.137 seconds. This time is 
indicated on the film for comparison with the actual 
maximum as shown on the oscillograph. 

The per cent maximum exciting current is given by 
the expression, Equation (21), which calculated for the 
above constants is 4.8 per cent. From measur^nents 
of the oscillogram, Fig. 12, the secondary current is 11.2 
amperes and the maximum transient exciting current is 
0.45 ampere, giving a per cent maximum exciting cur- 



Fig. 14—Oscillogram of OC Transient, Previously Mag¬ 
netized Transformer,—^Polarity Opfositb to Fig. 13 

rent of 4.02. These values check quite closely when the 
errors in measurement and oscillograph calibration are 
taken into account. 

Figs. 13 and 14. These are companion oscillograms 
for the purpose of demonstrating the effect of residual 
magnetism. The primary and secondary circuit con¬ 
stants are the same as in Fig. 12. Fig. 13 shows the 


exciting current transient obtained by previously de¬ 
magnetizing and then magnetizing the core by a heavy 
direct current. The record shows the magnetizing 
current higher than in Fig. 12. As an explanation of 



Fig. 15—Oscillogram of OCO Transient with Oscillo¬ 
graph AND Shunt Burden 

this, the presence of the high residual magnetism causes 
the transformer to work higher up on the hysteresis 
curve for a few cycles. This of course requires more 
exciting current to build up the required flux in the 
transformer. After the transformer is on the circuit 
for a short time the effect of this residual magnetism 
disappears. 

Fig. 14 illustrates the condition that may be obtained 
by previously demagnetizing and then magnetizing 



Fig. 16 —Oscillogram of OCO Transient Starting with 
Transformer in Condition as at the End of Test in Fig. 15 

the core oppositely to Fig. 13 and also causing the 
transient, to occur in the same direction. In this case 
the required transformer flux is built up with a small 
exciting current, thus approximating steady state value 
and accuracy. 

Figs. 15,16, and 17. These oscillograms show the re¬ 
sults obtained with OCO transients. The primary cir¬ 
cuit constants were changed to give a more severe 
transient. The power factor was changed to 7.46 per 
cent resulting in the time constant T of 0.0341 and a 
primary current effect of 1700 amperes. The secondary 
circuit was the same as in Fig. 12. These three 
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oscillograms were taken in succession. Before obtaining 
Fig. 15 the transformer was demagnetized. The test 
for Pig. 16 was so made that the circuit was opened 
while the unidirectional flux was still in the core. This 
flux dies out slowly and leaves a residual. 

Fig. 16 shows the effect of the residual flux left after 
making test indicated in Fig. 15, on the transient 
magnetizing current. This figure shows a higher value 


pm 




i 





Pig. 17— OsciiiLOGEAM or OCO Transient Starting with 
Transformer in Condition as at End of Test in Fig. 16 

of exciting current than Fig. 15, thus indicating satura¬ 
tion caused by the preceding residual flux which is a 
condition similar to that of Fig. 13. 

Pig. 17 indicates very little exciting current due to the 
transient occurring in the opposite direction to the pre¬ 
vious transient. This indicates that the residual in this 
case is a help rather than a hindrance to the magnetiza¬ 
tion of the core. 

An interesting point often encountered in short cir¬ 
cuit testing is brought out by Fig. 16. It is noticed 
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Pig. 18—Oscillogram of OC Transient—Secondary Bur¬ 
den 1.3 Ohms—Magnetized with 2 Amperes D-c. 

that the exciting current slowly falls to zero and causes 
a current to flow in the secondary after the primary cir¬ 
cuit is opened. These two currents must be equal when 
referred to the secondary as there is no other place for 
the current generated by the decreasing flux to flow. 
However, unless the transformer is approaching satura¬ 
tion, this current will be hardly noticeable in the secon¬ 
dary as the exciting current should be a small percentage 
of the secondary current. 


It will be noticed that the alternating component 
of the exciting current increases considerably as it is 
added to the unidirectional component. This is 
caused by the peculiar action of combined alternating 
and unidirectional flux as brought out in Mr. T. 
Spooner’s book on “Testing and Properties of Magnetic 
Materials.” The flux increases along the conventional 
magnetization curve until an alternation occurs, when 
the alternating cycle makes a small hysteresis loop for 
itself which has a flatter slope than the main hysteresis 
loop. This has the-tendency of increasing the alternat¬ 
ing component of the exciting current while not affect¬ 
ing the imidifectional flux to a great extent. 

Figs. 18 and 19. These oscillograms illustrate the 
results that may be obtained under conditions of exces¬ 
sive saturation. The primary circuit was the same as 
used in Figs. 15, 16, 17. Fig. 18 was taken using a 
secondary circuit with resistance increased to 1.3 ohms. 
Before making the test the transformer was demagnet¬ 
ized and then magnetized with 2 amperes direct cur¬ 
rent applied to the secondary. Fig. 11 was obtained 
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Fig. 19 —Oscillogram of OC Transient—Secondary Bur¬ 
den 0.6 Ohm—^Magnetized with 7 Amperes D-c. 

in a similar manner except the transformer was mag¬ 
netized with 7 amperes direct current and the secondary 
circuit resistance was 0.5 ohms. Both oscillograms 
show excessive saturation as evidenced by the high, 
comparatively sharp peaked, exciting current wave. 
They are exhibited here to illustrate how the shape of 
the exciting transient may be changed by saturation. 
In addition they also show examples of the wave shape 
of the secondary current during the transient period 
obtained with a transformer which saturates during 
the transient period but is satisfactory for steady 
state. In the former oscillogram the secondary transient 
reproduction is considerably disturbed by the exciting 
transient which rises to maximum peak in the first cycle. 
If the center hne of the transient portion of the secon¬ 
dary current were drawn it would probably come above 
the zero line as discussed in the theory. Idf of Fig. 
19 should be compared with the upper curve of Fig. 7. 

Method op Selecting Suitable Transformer 
When a current transformer is to be used for short 
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circuit testing some information should be obtained re¬ 
garding its adaptability for use on transients before 
making the tests. It is a relatively simple matter to 
test a current transformer to determine its suitability 
for measuring transients. The first operation neces¬ 
sary is to obtain the saturation curve of the transformer 
by taking readings of volts and amperes into the secon¬ 
dary with the primary circuit open. Then the resistance 
of the secondary may be measured with a small testing 
set, to which should be added the oscillograph shunt 
resistance. (Designate this sum by R 2 .) Using values 
up to the knee of the saturation curve, divide each 
voltage by the corresponding current and obtain an 
average of these results for a value (Zi ). The factor Ti 
may be calculated from the following formula: 

T 

' 2 wf R 2 

Calculate the time constant (T) of the primary circuit 
as the ratio of inductance to resistance of the primary 
circuit. Knowing (Tj) and (T), the ratio of maximum 
transient exciting current to maximum secondary 
steady state current, can be exterpolated from Fig. 8, 
or calculated from Equation (21). This ratio gives 
directly the percentage maximum error due to the 
transient in instantaneous values of secondary current. 

Dividing the r. m. s. exciting current just below 
saturation as obtained from the saturation curve, by 
the above ratio, will give the r. m. s. value of steady 
state secondary current which the transformer is capable 
of handling without excessive errors due to saturation 
under the given transient conditions. 

If the percentage error is within the limits of accur¬ 
acy desired and if the current to be measured is not 
greater than the amount calculated above, the trans¬ 
former should be satisfactory for use in that transient 
test. The authors" experience has been that the cali¬ 
bration and measurement of oscillograph filmg give 


results of an average accuracy of dz5 per cent. The 
transformers should be of about the same order of 
accuracy. 

If transient tests are to be made in fairly close succes¬ 
sion and especially for heavy OCO transients, the trans¬ 
formers should be demagnetized before each test. This 
is easily done by arranging the current transformer 
circuits to allow them to be easily switched from the 
oscillograph elements to a source of alternating current 
of a value comparable to the saturation current ob¬ 
tained previously. This current should then be 
smoothly reduced to zero by the use of slide wire resis¬ 
tors or their equivalent. In general, if the source of 
power is 110 volts, two resistances will be required in 
series, one of the magnitude of 0 to 50 ohms and the 
other from 0 to 500 ohms. The first should be of suf¬ 
ficient capacity for saturation current, and the second 
should introduce enough resistance to reduce the cur¬ 
rent to a minimum value for thorough demagnetization. 

At first thought the demagnetizing operation would 
seem an added burden to the complexities of oscillo¬ 
graphic testing. However, if a source of low voltage 
alternating current is available the arrangement of the 
demagnetizing circuits adds but little to the set-up and 
its use becomes a small matter of extra routine on the 
part of the oscillograph operators. 
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